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To 
the  person  who  prodded  me  into  finally  completing  the  job 


PREFACE 

This  volume  is  a  collection  of  charts  found  by  the  author  to  effect  enor- 
mous savings  in  time  in  the  routine  work  that  has  gone  through  his  office 
over  a  long  period  of  years.  Some  of  the  charts  are  redrawn  from  originals 
that  have  been  in  use  for  over  20  years,  and  many  of  them  have  appeared 
in  the  technical  press. 

"Nomographic  Charts"  is  not  intended  to  be  an  engineering  handbook, 
though  it  might  well  be  expanded  to  approach  that  designation.  Neither 
is  it  intended  as  a  textbook  on  graphical  representation,  nor  is  it  offered  as 
giving  the  best  possible  graphical  method  for  solution  of  the  problems 
covered. 

It  should  be  borne  in  mind  that  any  charts  such  as  these  cannot  be  taken 
as  giving  exact  solutions  for  the  problems  covered.  Rather,  they  should  be 
taken  as  something  between  ordinary  slide-rule  computation  and  exact 
numerical  computation.  For  one  thing,  the  charts  were  hand-drawn,  not 
machine-scaled,  and  while  the  originals  were  scaled  by  use  of  a  glass,  in  a 
size  much  larger  than  the  page  reproductions,  there  is  a  certain  amount  of 
unavoidable  human  error.  Then,  too,  in  the  photoreproduction  to  reduce 
size  and  in  the  process  of  making  plates,  there  may  be  some  distortion  in 
the  lens,  though  this  is  of  small  magnitude  and  applies  only  to  the  purely 
alignment  nomographs  and  the  alignment  sections  of  those  of  composite 
type. 

On  the  other  hand,  in  most  cases  the  accuracy  is  far  beyond  that  of  slide- 
rule  computation,  despite  the  machine  scaling  of  the  latter.  The  basis  for 
this  statement  is  that  in  many  problems  the  values  of  certain  of  the  vari- 
ables are  confined  to  very  narrow  limits,  perhaps  only  a  small  fraction  of 
the  slide-rule  scale.  By  expansion  of  such  small  sections  of  what  would  be 
the  normal  slide-rule  scale,  the  accuracy  of  that  portion  of  the  problem  is 
greatly  increased,  and  this  increase  in  most  cases  far  outweighs  the  small 
inaccuracies  inherent  in  this  collection. 

Certainly,  then,  these  charts  present  solutions  of  an  accuracy  which  does 
not  suffer  by  comparison  with  slide-rule  computation.  But  by  far  the  great- 
est value  of  these  charts  is  in  the  timesaving  effected  by  obviating  the  need 
for  looking  up  in  various  tables  the  values  of  the  various  items  that  enter 
into  a  problem.  For  instance,  where  the  factors  that  enter  into  a  problem 
may  be  modified  by  exponential  functions,  or  varying  empirical  multipliers, 
or  similar  variations,  the  chart  scalings  have  taken  them  into  account  and 
reference  to  tables  or  auxiliary  curve  sheets  is  unnecessary.  This  point  is 
of  particular  value  where  the  factors  may  involve  odd  exponential  func- 
tions or  empirical  factors  based  upon  the  relationship  between  two  or  more 
of  the  basic  factors. 

The  choice  of  design  for  the  individual  charts  deserves  a  word  of  ex- 
planation.   The  alignment  type  of  nomograph  has  been  a  particular  hobby 

vii 


Preface 

of  the  author  since  school  days,  but  in  many  of  the  following  charts,  inter- 
section nomographs  or  combinations  of  intersection  and  alignment  nomo- 
graphs have  been  the  final  choice.  For  most  of  the  problems  for  which 
these  types  of  solutions  were  selected,  there  have  appeared  in  the  technical 
press  nomographs  of  the  purely  alignment  type,  based,  however,  upon  ap- 
proximate rather  than  exact  mathematical  solutions.  Examples  of  such  are 
found  in  the  charts  for  steam  quality  determination  by  steam  calorimeter, 
for  the  length  of  an  open  belt  passing  around  two  pulleys,  for  the  magni- 
tude of  surges  in  pipe  lines  due  to  water  hammer,  and  others.  In  each  case, 
the  curved  lines  in  the  intersection  type  of  nomograph  may  not  depart  far 
from  straight  lines,  but  they  do  depart.  And  the  charts  of  purely  align- 
ment type  that  purport  to  solve  such  problems  are  based  upon  straight-line 
relationships  which  approach  the  curve,  but  which  yet  remain  approxima- 
tions. True,  the  chart  based  upon  the  exact  solution  may  take  far  more 
time  in  preparation,  but  once  made,  it  requires  no  more  time  for  solution 
than  another  chart,  and  it  brings  an  answer  based  upon  mathematical  truth. 
One  more  item  might  well  be  touched  upon  in  discussing  the  general 
use  of  these  charts,  and  that  has  to  do,  again,  with  accuracy.  This  has  to 
do  with  the  accuracy  of  any  engineering  computation,  and,  certainly,  the 
accuracy  of  the  final  answer  to  any  problem  can  be  no  more  accurate  than 
the  basic  data  upon  which  the  computation  is  based.  And  so,  since  it  is 
impossible  to  predict  exactly  the  modulus  of  elasticity  of  a  certain  piece  of 
steel,  or  the  friction  factor  of  a  pipe  line,  or  the  average  temperature  and 
resultant  resistance  of  a  copper  conductor,  or  similar  items  that  enter  into 
every  engineering  problem,  it  is  equally  impossible  to  obtain  any  truly 
exact  answers.  Thus,  if  the  accuracy  of  the  result  is  commensurate  with  the 
accuracy  of  the  basic  data,  there  is  no  more  that  can  be  expected.  And  it 
is  believed  that  the  accompanying  charts  do  fulfill  this  requirement. 

C.  Albert  Kulmann 
San  Francisco,  Calif. 
June,  1951 
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Group  I 
FUNCTION  SCALES 


This  group  of  charts  has  to  do,  for  the 
most  part,  with  functions  of  numbers. 
Some  of  the  charts,  it  is  true,  present  data 
easily  available  in  tabular  form  in  hand- 
books, but  these  were  included  for  two  rea- 
sons. First,  it  had  been  found  very  con- 
venient to  have  these  in  the  same  form  and 
in  the  same  group  with  the  others.  But, 
second,  and  more  important,  visual  inter- 
polation between  scale  points  is  easier  and 
faster  than  interpolation  between  the  tab- 
ulated figures. 

There  are,  however,  a  number  of  ex- 
ponential functions  of  numbers,  used  more 
or  less  widely  in  engineering,  for  which 
tables  are  limited  in  scope  or  nonexistent. 
Some  of  these  appear  here. 

Naturally,  in  the  absence  of  applicable 
tables  of  such  exponential  functions,  com- 
putation becomes  an  involved,  tedious 
task— looking  up  a  logarithm,  multiplying 
by  the  exponent,  and  then  going  back  for 
an  antilogarithm,  with  the  problem  of 
keeping  the  decimal  point  in  the  right 
place.  But  with  these  charts,  the  problem 
becomes  even  easier  than  a  single  refer- 
ence to  a  table,  in  most  cases.  For  any 
necessary  interpolation  is  visual,  involving 
no  determination  of  fractional  difference 
in  the  given  data,  to  be  applied  then  in 
determining  a  differential  in  the  result- 
it  is  plain  to  the  eye. 

Certain  of  these  exponential  functions 
have  only  limited  application,   and  their 


variation  is  between  rather  fixed  limits, 
and  for  them,  with  these  charts,  there  is 
no  worry  as  to  the  decimal  point.  In 
others,  where  there  may  be  no  such  limits 
in  the  magnitude  of  the  variable,  the 
placing  of  the  decimal  point  is  a  simple 
matter  by  reason  of  the  method  used  in 
scaling.  A  study  of  a  chart  will  make  pro- 
cedure obvious  and  easy.  However,  in 
each  case,  the  use  of  the  particular  chart 
is  explained,  together  with  proper  treat- 
ment of  values  outside  the  main  scaling. 

In  the  exponential-function  charts,  there 
appears,  in  each,  a  primary  scaling,  which 
covers  a  basic  range.  Then  at  certain  in- 
dex points  on  the  scales  appear  values 
beyond  the  primary  range.  For  instance, 
on  the  first  chart  of  this  group,  Fifth  Power 
and  Root,  the  N  scale  runs  from  1.0  to 
10,  with  the  N5  scale  from  1.0  to  100,000. 
At  the  ends  of  the  scales,  however,  appear 
auxiliary  values,  with  minimum  values  of 
0.1  and  10  and  maxima  of  1.0  and  100  for 
N,  and  with  corresponding  Af5  values, 
0.00001  and  100,000  minima  and  1.0  and' 
10,000,000,000  maxima.  These  auxiliary 
scale  values  then  set  the  pattern  for  values 
beyond  the  primary  scaling,  and  this  is 
true  of  many  of  the  other  charts. 

In  these  exponential-function  charts,  re- 
course is  had  to  the  basic  theorem  that 
the  value  of  any  quantity  raised  to  any 
exponential  power  is  equal  to  a  quantity 
that  is  the  product  of  multiplication  of  the 
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same  exponential  power  of  all  of  the  fac- 
tors which  produce  the  original  quantity. 
Thus,  if  Y  =  a  X  b  (a  times  b),  then  Yn  = 
an  X  b\  Accordingly,  for  values  outside 
the  limits  of  the  primary  scalings,  those 
values  are  broken  down  into  their  factors. 
This  sounds,  in  abstract  terminology,  rather 
complicated,  but  in  fact  it  is  not. 

For  instance,  still  taking  the  fifth  power 
and  root  chart  for  an  example,  and  wanting 
the  fifth  power  of  18,  it  is  necessary  to 
follow  this  principle,  but  one  of  the  factors 


is  taken  as  10  and  the  other  as  1.8,  both 
of  which  do  appear,  the  former  on  the 
auxiliary  scaling  and  the  other  on  the  pri- 
mary. Thus,  the  fifth  power  of  18  is  100,- 
000  (105)  times  18.9  (1.85),  and  the  result 
is  1,890,000,  within  a  fraction  of  a  per  cent 
of  the  true  computed  value.  Thus,  what 
in  abstract  description  appears  complex  is 
really  quite  simple,  and  with  fractional  ex- 
ponents treated  in  the  same  way,  the  roots 
of  numbers  beyond  the  range  of  the  pri- 
mary scaling  become  equally  simple. 
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1. 

Fifth  Power  and  Root 

2. 

Fourth  Power  and  Root 

3. 

Cube  Power  and  Root 

4. 

%  and  %  Powers 

5. 

Squares  and  Square  Roots 

6. 

1.9  Power 
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%  and  %  Powers 

8. 

1%6  Power 
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1.16  Power 

12. 

1.1  Power 

13. 

Reciprocals 

14. 

Circle  Circumference  and  Area 

15. 

Weight  of  Steel  Plate 

1.  Fifth  Power  and  Root 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
a  computation  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, solution  becomes  a  series  of  computa- 
tions involving  determinations  of  loga- 
rithms and  antilogarithms. 

The  chart,  however,  combines  an  accu- 
racy at  least  equal  to  tables  when  subject 
to  interpolation,  with  quicker  and  easier 
interpolation,  and  a  range  of  coverage  be- 
yond any  tables  known  to  the  author. 

Procedure.  To  determine  the  fifth  power 
of  a  number  within  the  primary  scaling 
range,  that  number  scaling  is  located  on 
the   Ni   scale,   interpolating   as   necessary. 


Thus,  determining  45,  the  value  opposite  4 
on  the  Ni  scale  appears  on  the  Nx5  scale  as 
1,025  (true  value  1,024).  Conversely,  to  de- 
termine a  fifth  root,  the  given  number  is 
located  on  the  N2  scale,  and  the  root  is  read 
on  the  m  scale.  Thus,  solving  3,125%,  the 
value  opposite  3,125  (interpolating),  on  the 
N2  scale,  is  5.0  on  the  N2Va  scale. 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  185  is  equal  to  105  X  1-83. 
The  fifth  powers  of  the  factors  are  read  as 
.100,000  and  18.9,  respectively,  so  185  = 
100,000  X  18.9  =  1,890,000.  Conversely, 
0.7%  =  0.1%  x  7%  =  0.00001  x  1.474  = 
0.00001474. 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figures  to  the  limits  of  the  chart. 
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2.  Fourth  Power  and  Root 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
a  computation  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, the  choice  is  between  the  double  use 
of  square  tables  with  double  interpolations, 
or  a  series  of  computations  involving  de- 
terminations of  logarithms  and  antiloga- 
rithms. 

Procedure.  To  determine  the  fourth 
power  of  a  number  within  the  primary 
scaling  range,  that  number  scaling  is  lo- 
cated on  the  N'i  scale,  interpolating  as  nec- 
essary. Thus,  determining  54,  the  value 
opposite  5  on  the  Ni  scale  appears  on  the 


iW  scale  as  about  623  (true  value  625). 
Conversely,  to  determine  a  fourth  root,  the 
given  number  is  located  on  the  N2  scale, 
and  the  root  is  read  on  the  N2Vi  scale. 
Thus,  solving  420%,  the  value  opposite  420 
on  the  N2  scale  is  4.525  on  the  A/2%  scale. 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  230,000%  is  equal  to  10,000%  x 
23%.  The  fourth  roots  of  the  factors  are 
read  as  10.0  and  2. 19+,  respectively,  so 
230,000%  =  10.0  x  2.19+  =  21.9+.  Con- 
versely, 704  =  104  X  74  =  10,000  x  2,395  = 
23,950,000. 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figures  to  the  limits  of  the  chart. 
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3.  Cube  Power  and  Root 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  more 
or  less  readily  available,  it  is  true,  but  even 
so,  a  computation  of  proportional  differ- 
ences, for  interpolation,  is  necessary  more 
often  than  not.  Graphical  interpolation  is 
far  simpler  and  quicker  than  numerical; 
for  that  reason,  as  well  as  to  bring  such 
functional  determinations  within  one  set 
of  covers,  the  chart  is  included. 

Procedure.  To  determine  the  cube  of  a 
number  within  the  primary  scaling  range, 
that  number  scaling  is  located  on  the  Ni 
scale,  interpolating  as  necessary.  Thus,  de- 
termining 4.63,  the  value  opposite  4.6  on 
the  2Vi  scale  appears  on  the  Nx3  scale  as 


about  97.2  (true  value  97.336).  Conversely, 
to  determine  a  cube  root,  the  given  num- 
ber is  located  on  the  N2  scale,  and  the  root 
is  read  on  the  2V2%  scale.  Thus,  solving 
35%,  the  value  opposite  35  on  the  Ar2  scale 
is,  on  the  7V2%  scale,  3.27  (true  value  3.2710). 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  1,500%  is  equal  to  1,000%  X 
1.5%.  The  cube  roots  of  the  factors  are 
read  as  10.0  and  1.145,  respectively,  so 
1,500%  -  11.45  (true  value  11.447).  Con- 
versely, 273  =  103  x  2.73  =  1,000  x  19.67  = 
19,670  (true  value  19,683). 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figures  to  the  limits  of  the  chart. 
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4.  %  and  2/5  Powers 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
computations  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, solution  becomes  a  series  of  compu- 
tations involving  determinations  of  loga- 
rithms and  antilogarithms. 

Procedure.  To  determine  the  %  power 
of  a  number  within  the  primary  scaling 
range,  that  number  scaling  is  located  on 
the  Ni  scale,  interpolating  as  necessary. 
Thus,  determining  65. 0%,  the  value  oppo- 
site 65.0  on  the  2Vi  scale  appears  on  the 
N&  scale  as  34,100  (true  value  34,062). 
Conversely,  to  determine  a  %  power,  the 


given  number  is  located  on  the  N2  scale, 
and  the  result  is  read  on  the  N2%  scale. 
Thus,  solving  3,125%,  the  value  opposite 
3,125  on  the  N2  scale  is,  on  the  2V2%  scale, 
25.0,  the  true  value. 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  220%  is  equal  to  100%  x  2.2%. 
The  %  powers  of  the  factors  are  read  as 
100,000  and  7.18,  so  the  result  is  718,000 
(true  value  717,890).  Conversely,  0.59%  is 
equal  to  0.00001%  X  59,000%.  The  %  pow- 
ers of  the  factors  are  read  as  0.01  and  81, 
respectively,  and  the  final  result  is  0.81. 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figures  to  the  limits  of  the  chart. 
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5.  Squares  and  Square  Roots 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  more 
or  less  readily  available,  it  is  true,  but  even 
so,  a  computation  of  proportional  differ- 
ences, for  interpolation,  is  necessary  more 
often  than  not.  Graphical  interpolation  is 
far  simpler  and  quicker  than  numerical; 
for  that  reason,  as  well  as  to  bring  such 
functional  determinations  within  one  set 
of  covers,  this  chart  is  included. 

Procedure.  To  determine  the  square  of 
a  number  within  the  primary  scaling  range, 
the  number  scaling  is  located  on  the  Nx 
scale,  interpolating  as  necessary.  Thus,  de- 
termining 7.52,  the  value  opposite  7.5  on 
the  N1  scale  appears  on  the  N-r  scale  as 
56.2+   (true  value  56.25).     Conversely,  to 


determine  a  square  root,  the  given  number 
is  located  on  the  N2  scale,  and  the  root  is 
read  on  the  TvV2  scale.  Thus  solving  V  50\ 
or  501/2,  the  value  opposite  50  on  the  N2 
scale  is,  on  the  2V21/2  scale,  7.075  (true  value 
7.071). 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  500^  is  equal  to  100^  x  5.0'2. 
The  square  roots  of  the  factors  are  read  as 
10.0  and  2.238,  respectively,  so  the  result  is 
22.38  (true  value  22.36).  Conversely,  212  = 
102  X  2.12  =  100  X  4.41  =  441,  the  true 
value. 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figures  to  the  limits  of  the  chart. 


12 


000}"I  ,nnJ(io,ooo) 

[i-o]Jio3",00{d.o] 


--90 


4.8- 

T23 

4.7- 

- 

4.6- 

4.5- 

• 

-20 

44- 

-19 

4.3- 

: 

-18 

4.2- 

4.1- 

L|7 

4.0- 

-16 

3  9- 

(-lb 

3.8- 

-14 

3.7- 

36- 

-13 

3.5- 

-1? 

34- 

• 

3.3- 

-II 

3.2- 

"-5.0 
2.2-" 


.-2.0 
■-I.9 


(10)1  in   T         1(100) 

caar  °     LOicooii 


N2 


13 


6.  1.9  Power 


Method  for  the  determination  of  that  func- 
tion, used  in  various  formulas  for  the  flow 
friction  in  pipe  lines.  Tables  for  this 
function  are  not  readily  available,  and  even 
when  they  are,  computations  of  propor- 
tional differences,  for  interpolation,  will  be 
necessary  more  often  than  not.  Where 
tables  are  not  available,  solution  becomes 
a  series  of  computations  involving  determi- 
nations of  logarithms  and  antilogarithms. 

Procedure.  The  primary  scaling  of  the 
chart  is  thought  to  cover  the  maximum 
range  of  the  quantities  involved,  and  to 
find  the  1.9  power  of  a  number,  that  num- 


ber scaling  is  located  on  the  N  scale,  inter- 
polating as  necessary.  Thus,  determining 
1.41-9,  the  value  opposite  1.4  on  the  N  scale 
appears  on  the  iV1-9  scale  as  1.90  (true  value 
1.895). 

Although  it  is  felt  that  there  is  little  use 
of  this  function  beyond  the  limits  of  the 
scaling,  the  chart  can  yet  be  used  for  the 
exceptional  cases.  It  is  necessary  only  to 
apply  the  principle  explained  in  the  re- 
marks introductory  to  this  group  of  func- 
tional charts,  breaking  down  the  figures 
into  factors  which  do  fall  within  the  chart 
scaling  limits.  The  final  answer  is  then 
the  product  of  the  1.9  power  of  the  factors. 
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7.  %  and  %  Powers 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
computations  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, the  use  of  square  and  cube  tables  in 
combination  is  possible,  but  still  with  the 
necessary  computations  for  interpolation,  as 
well  as  the  added  worry  of  the  decimal 
point.  Where  no  tables  are  available,  so- 
lution becomes  a  series  of  computations  in- 
volving determination  of  logarithms  and 
antilogarithms. 

Procedure.  To  determine  the  %  power 
of  a  number  within  the  primary  scaling 
range,  that  number  scaling  is  located  on 
the  N1  scale,  interpolating  as  necessary. 
Thus,  determining  21.0%,  the  value  oppo- 
site 21.0  on  the  Nt  scale  appears  on  the  iVi% 


scale  as  96.0  (true  value  96.234).  Con- 
versely, to  determine  a  %  power,  the  given 
number  is  located  on  the  Ar2  scale,  and  the 
result  is  read  on  the  N->%  scale.  Thus,  solv- 
ing 125.0%,  the  value  opposite  125.0  on  the 
N2  scale  is,  on  the  N2%  scale,  25.0,  the  true 
value. 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  150%  is  equal  to  100%  X  1.5*. 
The  %  powers  of  the  factors  are  read  as 
1,000  and  1.837,  respectively,  so  the  result 
is  1,837  (true  value  1,837.1).  Conversely, 
0.512%  is  equal  to  0.001%  X  512%.  These 
%  powers  are  read  as  0.01  and  64.0,  respec- 
tively, and  the  final  result  is  0.64,  the  true 
value. 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figure  to  the  limits  of  the  chart. 
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8.  l7/6  Power 


Method  for  the  determination  of  that  func- 
tion, used  in  a  recently  proposed  substitute 
for  the  Francis  formula  for  determining  the 
discharge  of  water  over  weirs  with  end  con- 
tractions. Tables  for  this  function  have 
never  come  to  the  attention  of  this  writer, 
but  even  if  they  are  available,  computa- 
tions of  proportional  differences,  for  inter- 
polation, will  be  necessary  more  often  than 
not.  With  tables  not  available,  solution 
becomes  a  series  of  computations  involving 
determinations  of  logarithms  and  antiloga- 
rithms. 

Procedure.  The  primary  scaling  of  the 
chart  is  thought  to  cover  the  maximum 
range  of  the  quantities  involved,  and  to 


find  the  1%6  power  of  a  number,  that  num- 
ber scaling  is  located  on  the  N  scale,  inter- 
polating as  necessary.  Thus,  determining 
0.501 4375,  the  value  opposite  0.50  on  the  N 
scale  appears  on  the  opposite  scale  as  0.369 
(true  value  0.3681). 

Although  it  is  felt  that  there  is  little  use 
of  this  function  beyond  the  limits  of  the 
scaling,  the  chart  can  yet  be  used  for  the 
exceptional  cases.  It  is  necessary  only  to 
apply  the  principle  explained  in  the  re- 
marks introductory  to  this  group  of  func- 
tional charts,  breaking  down  the  figures 
into  factors  which  do  fall  within  the  chart 
scaling  limits.  The  final  answer  is  then 
the  product  of  the  1  %6  power  of  the  factors. 
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9.  y3  and  %  Powers 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
computations  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, the  use  of  cube  tables  and  double  use 
of  square  tables  in  combination  is  possible, 
though  tedious,  but  still  with  the  necessary 
computations  for  interpolation,  as  well  as 
the  added  worry  of  the  decimal  point. 
Where  no  tables  are  available,  solution  be- 
comes a  series  of  computations  involving 
determinations  of  logarithms  and  antiloga- 
rithms. 

Procedure.  To  determine  the  %  power 
of  a  number  within  the  primary  scaling 
range,  that  number  scaling  is  located  on  the 
iVi  scale,  interpolating  as  necessary.  Thus, 
determining    3.375%,    the    value    opposite 


3.375  on  the  Ni  scale  appears  on  the  N-fi 
scale  as  5.08  (true  value  5.0625).  Con- 
versely, to  determine  a  %  power,  the  given 
number  is  located  on  the  N2  scale,  and  the 
result  is  read  on  the  iV2%  scale.  Thus,  solv- 
ing 500%,  the  value  opposite  500  on  the  N2 
scale  is,  on  the  7V2%  scale,  105.7  (true  value 
105.73). 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  27,000%  is  equal  to  1,000%  X 
27.0%.  The  %  powers  of  the  factors  are 
read  as  10,000  and  81.0,  respectively,  so  the 
result  is  810,000,  the  true  value.  Con- 
versely, 0.5%  is  equal  to  0.0001%  x  5,000%. 
These  %  powers  are  read  as  0.001  and  595, 
respectively,  and  the  final  result  is  0.595 
(true  value  0.59468). 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figure  to  the  limits  of  the  chart. 
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10.  %  and  y5  Powers 


Method  for  the  determination  of  those  func- 
tions. Tables  for  these  functions  are  not 
readily  available,  and  even  when  they  are, 
computations  for  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not  avail- 
able, solution  becomes  a  series  of  computa- 
tions involving  determinations  of  loga- 
rithms and  antilogarithms. 

Procedure.  To  determine  the  %  power 
of  a  number  within  the  primary  scaling 
range,  that  number  scaling  is  located  on  the 
N-i  scale,  interpolating  as  necessary.  Thus, 
determining  550%,  the  value  opposite  550 
on  the  N-l  scale  appears  on  the  iVi%  scale  as 
2,660  (true  value  2,664).  Conversely,  to 
determine  a  %  power,  the  given  number  is 


located  on  the  No  scale,  and  the  result  is 
read  on  the  iV2%  scale.  Thus,  solving 
2,700%,  the  value  opposite  2,700  on  the  N2 
scale  is,  on  the  iV2%  scale,  557  (true  value 
556). 

Values  beyond  the  primary  scalings  are 
broken  down  into  factors,  so,  for  instance, 
the  value  of  150,000%  is  equal  to  10,000%  X 
15.0%.  The  %  powers  of  the  factors  are 
read  as  100,000  and  29.35,  respectively,  so 
the  result  is  2,935,000  (true  value  2,952,- 
000±).  Conversely,  0.07775%  is  equal  to 
0.00001%  X  7,775%.  These  y5  powers  are 
read  as  0.0001  and  1,300,  respectively,  and 
the  final  result  is  0.1300  (true  value  0.1296). 

The  same  principle  applies  even  when 
three  or  more  factors  are  required  to  break 
down  the  figure  to  the  limits  of  the  chart. 
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11.  1.16  Power 


Method  for  the  determination  of  that  func- 
tion, used  in  certain  formulas  for  the  de- 
termination of  flow  friction  in  hydraulic 
flow  lines.  Tables  for  this  function  have 
never  come  to  the  attention  of  this  writer, 
but  even  if  they  are  available,  computa- 
tions of  proportional  differences,  for  inter- 
polation, will  be  necessary  more  often  than 
not.  With  tables  not  available,  solution 
becomes  a  series  of  computations  involving 
determinations  of  logarithms  and  antiloga- 
rithms. 

Procedure.  The  scaling  of  the  chart  is 
thought  to  cover  the  maximum  range  of 
the  quantities  involved,  with  but  one  ex- 
ception noted  later.  To  find  the  1.16 
power  of  a  number,  that  number  scaling  is 
located  on  the  N  scale,  interpolating  as 
necessary.     Thus,  determining  9.5116,  the 


value  opposite  9.5  on  the  N  scale  appears 
on  the  opposite  scale  as  13.62,  the  true 
value. 

The  use  of  this  function  in  the  formulas 
mentioned  is  as  the  function  of  the  flow- 
conduit  diameter,  and  when  the  unit  is 
inches,  the  chart  should  cover  practically 
all  cases.  If  the  figure  used  is  beyond  the 
chart  scaling,  recourse  may  be  had  to  the 
principle  explained  in  the  remarks  intro- 
ductory to  this  group  of  functional  charts, 
breaking  down  the  figure  into  factors  which 
do  fall  within  the  chart  scaling  limits.  The 
final  answer  is  then  the  product  of  the  1.16 
powers  of  the  factors. 

Should  the  particular  formula  used  be 
based  upon  units  of  feet  instead  of  inches, 
the  1.16  power  of  the  number  must  be  mul- 
tiplied by  the  1.16  power  of  y12,  which  is 
0.05472. 
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12.  1.1  Power 


Method  for  the  determination  of  that  func- 
tion, used  in  certain  formulas  for  the  de- 
termination of  flow  friction  in  hydraulic 
flow  lines.  Tables  for  this  function  are  not 
readily  available,  and  even  when  they  are, 
computations  of  proportional  differences, 
for  interpolation,  will  be  necessary  more 
often  than  not.  Where  tables  are  not 
available,  solution  becomes  a  series  of  com- 
putations involving  determinations  of  log- 
arithms and  antilogarithms. 

Procedure.  The  scaling  of  the  chart  is 
thought  to  cover  the  maximum  range  of 
the  quantities  involved,  with  but  one  ex- 
ception noted  later.  To  find  the  1.1  power 
of  a  number,  that  number  scaling  is  lo- 
cated on  the  N  scale,  interpolating  as  neces- 
sary.    Thus,  determining  201-1,  the  value 


opposite  20  on  the  N  scale  appears  on  the 
opposite  scale  as  27.05  (true  value  26.985). 

The  use  of  this  function  in  the  formulas 
mentioned  is  as  the  function  of  the  flow- 
conduit  diameter,  and  when  the  unit  is 
inches,  the  chart  should  cover  practically 
all  cases.  If  the  figure  used  is  beyond  the 
chart  scaling,  recourse  may  be  had  to  the 
principle  explained  in  the  remarks  intro- 
ductory to  this  group  of  functional  charts, 
breaking  down  the  figure  into  factors  which 
do  fall  within  the  chart  scaling  limits. 
The  final  answer  is  then  the  product  of  the 
1.1  powers  of  the  factors. 

Should  the  particular  formula  used  be 
based  upon  units  of  feet  instead  of  inches, 
the  1.1  power  of  the  number  must  be  mul- 
tiplied by  the  1.1  power  of  Vi2>  which  is 
0.065. 
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13.  Reciprocals 


Method  for  the  determination  of  those  func- 
tions. Tables  are  readily  available,  it  is 
true;  but  even  so,  a  computation  of  pro- 
portional differences,  for  interpolation,  is 
necessary  more  often  than  not.  However, 
graphical  interpolation  is  far  simpler  and 
quicker  than  numerical,  so  for  that  reason, 
as  well  as  to  bring  such  functional  deter- 
minations within  one  set  of  covers,  this 
chart  is  included. 

Procedure.    To  determine  the  reciprocal 
of  a  number  within  the  scaling;  range,  the 


number  scaling  is  located,  interpolating  as 
necessary,  and  the  reciprocal  is  read  on  the 
opposite  scale.  Thus,  determining  1/2.1, 
the  value  opposite  2.1  on  the  scale  is  read 
on  the  opposite  side  as  0.476  (true  value 
0.4762). 

For  determination  of  reciprocals  beyond 
the  scaling  limits,  the  decimal  point  is 
merely  moved  equal  distances  in  opposite 
directions  for  number  and  reciprocal. 
Thus,  1/210  is  0.00476,  and  1/0.0021  is 
476. 
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14.  Circle  Circumference  and  Area 


Method  for  the  determination  of  those  func- 
tions. Tables  are  readily  available,  it  is 
true;  but  even  so,  a  computation  of  pro- 
portional differences,  for  interpolation,  is 
necessary  more  often  than  not.  However, 
graphical  interpolation  is  far  simpler  and 
quicker  than  numerical,  so  for  that  reason, 
as  well  as  to  bring  such  functional  deter- 
minations within  one  set  of  covers,  this 
chart  is  included. 

Procedure.  To  determine  the  area  or 
circumference  of  a  circle  within  the  limits 
of  the  chart  scaling,  the  value  of  the  di- 
ameter is  located  on  the  N  scale,  inter- 
polating as  necessary.  On  the  opposite 
side  of  the  scale  may  then  be  read  the  area 
(on  the  vN2/4  scale)  or  the  circumference 
(on  the  nN  scale).    Thus,  for  a  diameter  of 


2.16,  the  area  is  read  as  3.67  (true  value 
3.6644)  and  the  circumference  as  6.78  (true 
value  6.7858). 

For  determining  values  beyond  the  scale 
limits,  the  only  adjustment  necessary  is,  of 
course,  in  the  decimal  point.  If  the  figure 
for  diameter  has  the  decimal  point  moved 
any  number  of  places,  in  either  direction, 
the  figure  for  circumference  (irN)  will  have 
the  decimal  point  moved  the  same  amount 
and  in  the  same  direction.  The  figure  for 
area  (WV2/4)  will  have  its  decimal  point 
moved  twice  as  many  places  in  the  same 
direction. 

Thus,  with  diameter  216,  the  circumfer- 
ence is  678  and  the  area  36,700,  and  for 
diameter  0.216  the  circumference  is  0.678 
and  the  area  is  0.0367. 
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15.  Weight  of  Steel  Plate 


Method  for  the  determination  of  the  weight 
of  steel  plates  of  any  thickness  and  for  the 
thickness  gauges  in  most  common  use. 
Such  data  are  easily  available  in  tabular 
form,  but  the  chart  has  proved  so  con- 
venient and  helpful  in  the  past  that  its 
being  included  with  the  other  charts  seems 
justified. 

Procedure.  To  use  the  chart,  the  thick- 
ness in  inches  is  located  on  the  left-hand 
scaling,  interpolating  as  necessary.  The 
weight  per  square  foot  is  then  read  on  the 
opposite  side  of  the  scale.  Where  thick- 
ness is  given  by  U.S.S.  gauge  number,  the 
left-hand  side  of  the  scale  is  located  by  the 
circled  figures,  the  gauge  numbers.  The 
thickness  may  be  simultaneously  read  on 
the  primary  left-hand  scaling. 

For  thickness  values  beyond  the  scale 
limits,  it  is  necessary  only  to  multiply  both 
thickness  and  weight  figures  by  the  same 


multiple  of  10.  Naturally,  the  gauge  des- 
ignations do  not  apply  in  such  cases. 

Illustrating  the  use  of  the  chart,  to  find 
the  properties  of  plate  of  No.  20  U.S.S. 
gauge,  locate  the  scaling,  circled,  for  No. 
20,  on  the  left-hand  side  of  the  scale.  This 
is  at  scaling  0.0368  (the  true  value),  as  the 
thickness  in  inches.  On  the  opposite  side 
of  the  scale  the  weight  is  read  as  1.500 
pounds  per  square  foot  (also  the  true 
value). 

In  case  the  thickness  value  is  beyond  the 
scale,  as  1.25  inches,  find  the  scaling  on  the 
left-hand  side  for  0.125,  opposite  which  is 
read  a  weight  of  5.10  pounds  per  square 
foot.  Since  the  given  thickness  was  ten 
times  the  scale  value  used,  the  weight  will 
be  ten  times  that  read,  or  51.0  pounds  per 
square  foot. 

Values  used  were  as  given  by  the  Bethle- 
hem Steel  Company  in  its  Steel  Plate 
Handbook. 
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Group  II 
GENERAL  CHARTS 


This  group  of  charts  is  gathered  into 
one  series,  as  being,  in  addition  to  the 
functional  scale  charts  preceding,  of  rather 
general  use  in  many  fields  of  engineering. 
This  group  differs  from  the  first  one,  how- 
ever, in  that  where  the  first  group  included 
single,  though  broken,  simple  scales,  this 
second  group  brings  the  first  charts  dealing 
with  multiple  variables  and  introduces  the 
alignment  type  of  nomograph. 

In  all  of  the  earlier  charts,  the  scalings 
were  so  made  that  the  quantities  which 
bore  the  represented  relationship  coin- 
cided in  a  distance  along  the  base  line.  In 
the  charts  to  follow,  however,  treating  of 
more  than  two  quantities  at  a  time,  the 
design  is  such  that,  for  any  stage  of  solu- 
tion (and  in  some  there  may  be  several 
stages),  the  scale  points  concerned  are  in 
a  space  relationship  rather  than  that  of  a 
single  line. 

In   some   charts,   the   purely   alignment 


type,  the  scale  values  concerned  in  any 
single  operation  stage  will  be  on  a  straight 
line  intersecting  the  various  scales.  In 
other  charts,  of  the  intersection  type,  the 
conditions  bearing  the  proper  relationship 
in  any  stage  of  operation  will  be  repre- 
sented by  a  single  point  in  the  chart,  which 
point  may  give  the  measure  of  the  various 
related  quantities  by  the  scaling  of  rec- 
tangular coordinates  (distorted  when  re- 
quired) and/or  by  other  families  of  lines, 
parallel,  radial,  or  families  of  curves,  or 
various  combinations  of  these.  Further, 
there  are  some  charts  where,  in  the  interest 
of  greater  accuracy  or  greater  utility,  a 
combination  of  alignment  and  intersection 
types  has  been  used. 

In  each  case,  the  chart  is  explained,  with 
specimen  computations,  and  in  most  cases 
a  key  diagram  is  given  to  illustrate  the 
sequence  of  operations. 
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Charts  in  Group  II 

16.  Reciprocals  of  Reciprocal  Sums 

17.  Compound  Interest  Amount 

18.  Sinking  Fund  Deposits 

19.  Present  Value  of  Annuity 

20.  Present  Value  of  Future  Amount 

21.  Properties  of  Rectangles 

22.  Area  of  Isosceles  Trapezoids 

23.  Properties  of  Right  Triangles 
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16.  Reciprocals  of  Reciprocal  Sums 


Method  for  the  determination  of  the  recipro- 
cal of  the  sum  of  a  series  of  reciprocals. 
It  solves  equations  of  the  form 


(l/a)  +  (l/&)  +  (l/c)  +  (l/<9+... 
This  equation  applies  for  finding  the 
equivalent  electrical  resistance  of  a  number 
of  separate  resistances  in  parallel,  where  X 
is  the  equivalent  resistance  and  a,  b,  c,  and 
d  are  values  of  the  individual  paralleled 
resistances.  The  equivalent  effect  of  elec- 
trical capacitances  in  series  is  determined 
by  similar  means. 

For  those  who  have  occasion  to  make  up 
nomographic  charts  for  their  own  use,  this 
general  equation  finds  application  in  those 
alignment-type  nomographs  of  the  simple 
addition  (including  logarithmic)  type. 
Here  the  scaling  unit  on  the  scale  of  sums 
is  equal  to  the  reciprocal  of  the  sum  of  the 
reciprocals  of  the  scaling  units  of  the 
original  scales.  More  simply,  for  a  chart 
for  X  =  Y  +  Z,  where  a  unit  on  the  Y  scale 
has  length  y  and  a  unit  on  the  Z  scale  has 
length  z,  the  length  of  a  unit  on  the  X 
1 


scale  =  x 


(!/>)  +  (!/*) 


Procedure.     The  chart  is  in  the  form  of 
four  radiating  scaled   lines,   and   in   each 


operation  the  two  starting  points  are  on 
alternate  rays,  and  where  more  than  two 
original  terms  are  used,  the  start  is  made 
with  any  two  such  alternate  scales.  Each 
scale  has  two  scaling  units,  and  the  same 
scaling,  A  or  B  as  the  case  may  be,  must  be 
used  consistently. 

To  illustrate  operation,  assume  but  two 
values,  2  and  3,  as  terms  a  and  b  (see  first 
paragraph).  A  straight  line  (straightedge) 
intersecting  one  of  the  scales  at  2  and  the 
second-removed  scale  at  3  intercepts  the 
intermediate  scale  at  1.2,  the  true  value. 
For  the  sum  of  %  and  %  is  %,  whose  re- 
ciprocal is  %,  or  1.2. 

Illustrating  the  use  of  three  original 
quantities,  take  a  =  9,  b  =  8,  and  c  =  7. 
A  straight  line  is  run  (straightedge)  from  9 
on  one  scale  to  8  on  the  one  second  re- 
moved, and  its  intersection  on  the  inter- 
mediate scale  is  noted.  This  scale  point  is 
then  in  turn  connected  by  a  straight  line 
to  the  scale  value  for  7  on  the  scale  second 
removed  from  it,  and  the  final  result  is 
read  on  the  scale  intermediate  to  these  two 
scales,  using  the  same  group  of  scales 
throughout,  the  A  scales  in  this  case.  The 
result  appears  as  about  2.64,  where  numeri- 
cal computation  gives  the  exact  result  as 
2.6455. 
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17.  Compound  Interest  Amount 


Method  for  the  determination  of  the  total 
amount  of  principal  and  interest,  when  a 
principal  is  placed  at  compound  interest 
for  various  periods,  at  various  rates,  and 
at  various  compounding  intervals.  The 
mathematical  expression  for  the  future 
compounded  total  value  of  a  present  dollar 
is  (1  +  r)n,  where  r  is  the  interest  rate,  ex- 
pressed as  a  decimal,  and  n  is  the  time 
factor. 

The  rate  is  not  necessarily  the  nominal 
annual  rate,  nor  is  the  time  factor  neces- 
sarily in  years.  Rather,  the  time  is  meas- 
ured in  number  of  compounding  intervals, 
and  the  rate  as  that  per  compounding  in- 
terval. Thus,  where  compounding  is  semi- 
annual, the  time  factor  will  be  twice  the 
number  of  years,  and  the  rate  will  be  one- 
half  the  nominal  annual  rate.  In  case  of 
quarterly  compounding,  the  time  factor 
will  be  four  times  the  number  of  years,  and 
the  rate  will  be  one-fourth  the  nominal 
annual  rate. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  solving  problems  in 
this  field,  but  this  author  has  never  been 
able  to  find  tables  which  adequately  cover 
all  the  conditions  commonly  met.  Fur- 
ther, this  Chart  covers  fractional  rates  and 
gives  more  complete  direct  coverage  of  the 
time  factor,  reducing  the  need  for  inter- 
polation. Then,  too,  when  interpolation 
is  necessary  on  the  chart,  it  is  simpler  and 


quicker  than  interpolation  by  calculation 
of  proportional  differences. 

Procedure.  To  use  the  chart,  a  straight 
line  is  projected  through  the  scale  points 
corresponding  to  time  factor  and  interest 
rate,  and  the  future  value  per  dollar  is  read 
where  this  line  crosses  the  right-hand  scale. 
A  straight  line  from  this  point  to  the  ex- 
treme left-hand  scale,  for  actual  present 
amount,  will  then  intersect  the  center  scale 
at  a  point  giving  the  total  future  amount. 
The  Present  Amount  scale  reads  from  1.00 
to  10.00  only,  but  for  larger  quantities, 
multiples  of  10  should  be  used,  the  future 
amount  being  adjusted  in  the  same  ratio 
as  the  present  amount. 

Use  of  the  chart  is  illustrated  by  deter- 
mining the  future  value  of  $8,000,  at  3  per 
cent  compounded  quarterly,  at  the  end  of 
20  years.  Twenty  years  is  80  compounding 
intervals,  and  the  interest  rate  per  com- 
pounding interval  is  %  Per  cent.  A 
straight  line  through  the  scale  point  for  80 
on  the  Period  scale  and  the  %  per  cent 
scale  point  on  the  Interest  Rate  scale  in- 
tersects the  Future  Amount  per  Present 
Dollar  scale  at  1.815  (true  value   1.8180). 

To  determine  the  full  future  amount, 
this  latter  point  is  used  with  8.00  on  the 
Present  Amount  scale  to  establish  the  in- 
tersection on  the  Future  Amount  scale  at 
14.50,  so  the  total  future  amount  will  be 
$14,500  (true  value,  $14,544). 
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18.  Sinking  Fund  Deposits 


Method  for  the  determination  of  the  amount 
of  each  of  periodic  deposits  which,  at  vari- 
ous interest  rates,  compounding  intervals, 
and  time  periods,  will  total  desired  com- 
pounded amounts.  The  mathematical  ex- 
pression for  the  periodic  deposit  required 
per  dollar  of  sinking  fund  is  1/[(1  +  r)n—  1], 
where  r  is  the  interest  rate  on  deposits,  ex- 
pressed as  a  decimal,  and  n  is  the  time 
factor. 

The  rate  is  not  necessarily  the  nominal 
annual  rate,  nor  is  the  time  factor  neces- 
sarily in  years.  Rather,  the  time  is  meas- 
ured in  number  of  compounding  intervals 
and  the  rate  as  that  per  compounding  in- 
terval. Thus,  where  compounding  is  semi- 
annual, the  time  factor  will  be  twice  the 
number  of  years,  and  the  rate  will  be  one- 
half  the  nominal  annual  rate.  In  case  of 
quarterly  compounding,  the  time  factor 
will  be  four  times  the  number  of  years, 
and  the  rate  will  be  one-fourth  the  nom- 
inal. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  solving  problems  in 
this  field,  but  this  author  has  never  been 
able  to  find  tables  which  adequately  cov- 
ered all  the  conditions  commonly  met. 
Further,  this  chart  covers  fractional  rates 
and  gives  more  complete  direct  coverage 
of  the  time  factor,  reducing  the  need  for 
interpolation.  Then,  too,  when  interpola- 
tion is  necessary  on  the  chart,  it  is  simpler 
and  quicker  than  interpolation  by  calcu- 
lation of  proportional  differences. 

Procedure.  To  use  the  chart,  the  first 
stage  is  in  the  intersection-type  section, 
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where  the  intersection  is  located  for  the 
values  of  Interest  Rate  curves  and  the  ver- 
tical lines  of  Sinking  Fund  Time,  interpo- 
lating where  necessary.  Following  hori- 
zontally across  this  section  of  the  chart  to 
the  side  scales  will  give  the  value  of  the 
deposit  for  each  dollar  of  total  sinking 
fund. 

It  should  be  noted  that  this  portion  of 
the  chart  is  divided  into  two  parts  by  the 
vertical  line  corresponding  to  a  time  fac- 
tor of  10.  Conditions  falling  on  the  left- 
hand  side  of  this  line  are  to  be  evaluated 
by  the  left-hand  scale  A,  while  those  to  the 
right  use  the  right-hand  scale  B.  For  the 
second  step  in  the  use  of  the  chart,  how- 
ever, the  intersection  point  of  vertical  line 
and  curve  is  to  be  carried  horizontally 
across  to  the  main  axis,  the  heavy  line,  ver- 
tical, corresponding  to  a  time  factor  of  10. 

The  second  step  in  use  of  the  chart  pro- 
vides for  determining  the  periodic  deposit 
for  a  fund  other  than  $1.  This  is  done  by 
use  of  a  straight  line  from  the  intercept 
of  the  first  determination  on  the  main  axis 
of  the  intersection  portion  of  the  chart,  as 
described  above,  to  the  correct  scale  point, 
interpolating  as  necessary,  on  the  Sinking 
Fund  Amount  scale.  At  the  intersection 
of  this  straight  line  with  the  Sinking  Fund 
Deposit  scale  is  read  the  actual  amount  of 
each  of  the  deposits  to  be  made,  using  A 
or  B  scaling  to  correspond  with  the  first- 
stage  determination.  The  Sinking  Fund 
Amount  scale  reads  only  from  1.00  to  10.00, 
but  for  larger  quantities,  multiples  of  10 
should  be  used,  the  sinking  fund  deposit 
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Sinking   Fund   Deposits 

being  adjusted   in   the   same  ratio  as  the 
sinking  fund. 

Use  of  the  chart  is  illustrated  by  deter- 
mining the  necessary  deposit,  made  during 
each  half  year,  at  4  per  cent  interest  com- 
pounded semiannually,  which  will  make 
up  a  sinking  fund  of  $80,000  in  25  years. 
Compounding  being  semiannual,  the  time 
is  50  compounding  intervals,  and  the  rate 
per  compounding  interval  is  2  per  cent. 
The  intersection  of  the  vertical  line  for  50 
for  Sinking  Fund  Time  with  the  curve  of 


2  per  cent  for  Interest  Rate  is  read,  inter- 
polating, as  0.01175  (true  value  0.01182), 
so  the  required  deposit  is  $0.01175  per  dol- 
lar of  required  sinking  fund.  This  is  in 
the  B  portion  of  the  chart. 

A  straight  line  between  this  intercept  on 
the  main  axis,  as  explained,  and  8.00  on  the 
Sinking  Fund  Amount  scale,  gives,  on  the 
B  scaling  on  the  Sinking  Fund  Deposit 
scale,  a  figure  of  0.0945,  so  the  actual  de- 
posit required,  10,000  times  this,  will  be 
$945.00  (true  value  $945.60). 


44 


19.  Present  Value  of  Annuity 


Method  for  the  determination  of  the  amount 
of  the  fund  which,  at  various  lengths  of 
compounding  intervals,  various  interest 
rates,  and  various  lengths  of  time,  will 
yield  a  required  periodic  return.  The 
mathematical  expression  for  the  present 
value  per  dollar  of  periodic  return  is 
[(1  +  r)n  —  l]/r(l  +  r)n,  where  r  is  the  in- 
terest rate  on  the  fund,  expressed  as  a  deci- 
mal, and  n  is  the  time  factor. 

The  rate  is  not  necessarily  the  nominal 
annual  rate,  nor  is  the  time  factor  neces- 
sarily in  years.  Rather,  the  time  is  meas- 
ured in  number  of  compounding  intervals, 
and  the  rate  as  that  per  compounding  in- 
terval. Thus,  where  compounding  is  semi- 
annual, the  time  factor  will  be  twice  the 
number  of  years,  and  the  rate  will  be  one- 
half  the  nominal  annual  rate.  In  case  of 
quarterly  compounding,  the  time  factor 
will  be  four  times  the  number  of  years, 
and  the  rate  will  be  one-fourth  the  nomi- 
nal. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  solving  problems  in 
this  field,  but  this  author  has  never  been 
able  to  find  tables  which  adequately  cov- 
ered all  the  conditions  commonly  met. 
Further,  this  chart  covers  fractional  rates 
and  gives  more  complete  direct  coverage 
of  the  time  factor,  reducing  the  need  for 
interpolation.  Then,  too,  when  interpola- 
tion is  necessary  on  the  chart,  it  is  simpler 
and  quicker  than  interpolation  by  calcula- 
tion of  proportional  differences. 

Procedure.  To  use  the  chart,  the  first 
stage    is   in    the    intersection-type   section, 


where  the  intersection  is  located  for  the 
values  of  Interest  Rate  curves  and  the  ver- 
tical lines  of  Life  of  Annuity,  interpolating 
where  necessary.  Following  horizontally 
across  this  section  of  the  chart  to  the  side 
scales  will  give  the  Present  Value  of  $1  an- 
nuity, or  periodic  payment. 

It  should  be  noted  that  this  portion  of 
the  chart  is  divided  into  two  parts  by  the 
vertical  line  conesponding  to  a  time  fac- 
tor of  10.  Conditions  falling  on  the  left- 
hand  side  of  this  line  are  to  be  evaluated 
by  the  left-hand  scale  A,  while  those  to  the 
right  use  the  right-hand  scale  B.  For  the 
second  step  in  the  use  of  the  chart,  how- 
ever, the  intersection  point  of  vertical  line 
and  curve  is  to  be  carried  horizontally 
across  to  the  main  axis,  the  heavy  vertical 
line,  corresponding  to  the  time  factor  of  10. 

The  second  step  in  use  of  the  chart  pro- 
vides for  determining  the  amount  of  the 
fund  for  an  annuity,  or  periodic  yield, 
other  than  $1.  This  is  done  by  use  of  a 
straight  line  from  the  intercept  of  the  first 
determination  on  the  main  axis  of  the  in- 
tersection portion  of  the  chart,  as  described 
above,  to  the  correct  scale  point,  interpo- 
lating as  necessary,  on  the  Annuity  Pay- 
ments scale.  At  the  intersection  of  this ' 
straight  line  with  the  scale  for  Total  Pres- 
ent Value  of  Annuity  is  read  the  amount 
of  the  required  fund,  using  A  or  B  scaling 
to  correspond  with  the  first-stage  deter- 
mination. The  scale  of  Annuity  Payment 
reads  only  from  1.00  to  10.00.  but  for  larger 
quantities  multiples  of  10  should  be  used, 
the  present  value  being  adjusted  in  the 
same  ratio  as  the  annuity  payment. 
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Present  Value  of  Annuity 

Use  of  the  chart  is  illustrated  by  deter- 
mining the  fund  necessary  to  provide  a 
quarterly  payment  or  annuity  of  $1,200, 
with  an  interest  rate  of  2  per  cent  com- 
pounded quarterly,  throughout  a  period  of 
15  years.  With  quarterly  compounding, 
the  life  of  the  fund  is  60  compounding 
intervals,  and  the  rate  is  Y2  per  cent  per 
compounding  interval.  The  intersection 
of  the  vertical  line  for  60  compounding 
intervals  with  the  curve  for   %  pet;  cent 


interest  rate  is  read,  interpolating,  as  51.80 
(true  value  51.73),  so  the  required  fund  is 
$51.80  per  dollar  of  quarterly  yield.  This 
is  in  the  B  portion  of  the  chart. 

A  straight  line  between  this  intercept  on 
the  main  axis,  as  explained,  and  1.20  on 
the  Annuity  Payment  scale,  gives,  on  the  B 
scaling  of  Total  Present  Value  of  Annuity, 
a  figure  of  62.00,  so  the  actual  fund  re- 
quired is  1,000  times  this,  or  $62,000  (true 
value  $62,076). 
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20.  Present  Value  of  Future  Amount 


Method  for  the  determination  of  the  present 
worth  of  a  future  value.  This  is  necessary 
in  setting  up  a  fund  which,  at  compound 
interest  at  varying  interest  rates,  com- 
pounding intervals,  and  periods  of  time, 
will  amount  to  the  required  future  amount. 
The  mathematical  expression  for  the  pres- 
ent worth  per  dollar  of  future  fund  is 
1/(1  +  i)n>  where  r  is  the  interest  rate  on 
funds,  expressed  as  a  decimal,  and  n  is  the 
time  factor. 

The  rate  is  not  necessarily  the  nominal 
annual  rate,  nor  is  the  time  factor  neces- 
sarily in  years.  Rather,  the  time  is  meas- 
ured in  number  of  compounding  intervals, 
and  the  rate  as  that  per  compounding  in- 
terval. Thus,  where  compounding  is  semi- 
annual, the  time  factor  will  be  twice  the 
number  of  years,  and  the  rate  will  be  one- 
half  the  nominal  annual  rate.  In  case  of 
quarterly  compounding,  the  time  factor 
will  be  four  times  the  number  of  years, 
and  the  rate  will  be  one-fourth  the  nomi- 
nal. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  solving  problems  in 
this  field,  but  this  author  has  never  been 
able  to  find  tables  which  adequately  cov- 
ered all  the  conditions  commonly  met. 
Further,  this  chart  covers  fractional  rates 
and  gives  more  complete  direct  coverage 
of  the  time  factor,  reducing  the  need  for 
interpolation.  Then,  too,  when  interpola- 
tion is  necessary  on  the  chart,  it  is  simpler 
and  quicker  than  interpolation  by  calcula- 
tion of  proportional  differences. 


Procedure.  To  use  the  chart,  a  straight 
line  is  projected  through  the  scale  points 
corresponding  to  time  factor  (Period)  and 
Interest  Rate,  and  the  Present  Value  per 
Future  Dollar  is  read  where  this  line  crosses 
the  right-hand  scale.  A  straight  line  from 
this  point  to  the  proper  scaling  on  the  ex- 
treme left-hand  scale,  Future  Amount,  will 
then  intersect  the  center  scale  at  a  point 
giving  the  Total  Present  Value. 

The  Future  Amount  scale  reads  only 
from  1.00  to  10.00,  but  for  larger  quantities 
multiples  of  10  should  be  used,  the  Total 
Present  Value  being  adjusted  in  the  same 
ratio  as  Future  Amount. 

Use  of  the  chart  is  illustrated  by  deter- 
mining the  present  value  of  an  amount  of 
$2,000,  payable  after  25  years,  funds  draw- 
ing interest  at  the  rate  of  4  per  cent  com- 
pounded semiannually.  Twenty-five  years 
will  make  the  period  50  compounding  in- 
tervals and  the  rate  per  compounding  in- 
terval 2  per  cent.  A  straight  line  through 
the  scale  point  for  50  compounding  inter- 
vals (Period)  and  2  per  cent  (Interest  Rate) 
intersects  the  scale  for  Present  Value 
per  Future  Dollar  at  0.373  (true  value 
0.3715). 

To  determine  the  full  present  value,  this 
latter  point  is  used  with  2.00  on  the  Future 
Amount  scale  to  establish  the  intersection 
on  the  Total  Present  Value  scale  at  0.745, 
and  the  actual  total  present  value  is  1,000 
times  this,  or  $745  (true  value  $743.60). 
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21.  Properties  of  Rectangles 


Method  for  the  simultaneous  solution  of  sev- 
eral problems  in  the  field  indicated  by  the 
title.  At  a  single  reading  can  be  had  the 
area,  the  section  modulus,  the  moment  of 
inertia  about  the  neutral  axis,  and  the 
moment  of  inertia  about  an  edge.  At  a 
single  operation,  solutions  can  be  read  for 
the  mathematical  expressions  listed  below, 
the  terms  a  and  b  being  taken  as  Width 
and  Height,  or  depth,  of  the  rectangle. 

In  each  of  the  expressions  stated  below, 
the  reference  axis,  for  section  modulus  or 
moment  of  inertia,  is  taken  as  an  axis 
parallel  to  the  direction  in  which  the  term 
a  is  measured. 

1.  Area  of  rectangle  =  ab 

2.  Section  modulus  =  ab2/6  (referred  to 
neutral  axis) 

3.  Moment  of  inertia  =  ab3/\2  (referred 
to  neutral  axis) 

4.  Moment  of  inertia  =  ab3/3  (referred 
to  one  edge) 

Procedure.  To  use  the  chart,  a  straight- 
edge is  laid  to  intersect  at  the  given  scaling 
values  on  the  scales  for  Width  and  Height. 
At  the  intersection  of  this  straight  line  with 
the  other  scales  may  be  read  the  four  prop- 
erties as  described. 

Should  the  given  values  lie  beyond  the 
scale  limits,  it  is  necessary  only  to  make 
adjustments  in  the  location  of  the  decimal 
point.  Thus,  if  the  value  for  height  lies 
between  10  and  100  (instead  of  being 
within  the  scale  limits  of  1  to  10),  use  the 
scaling  point  corresponding  to  one-tenth 
of  the  true  value.  The  true  results  can 
then  be  obtained  by  multiplying  the  ap- 
parent results  by  proper  factors,  10  for 
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area,  100  for  section  modulus,  and  1,000 
for  moment  of  inertia. 

If  the  given  value  for  height  lies  within 
the  scaling  limits  but  that  for  width  does 
not,  the  operation  would  be  started  in  the 
same  way,  but  the  same  multiplier  for  ap- 
parent results  would  be  used  for  all  deter- 
minations, since  they  all  vary  directly  with 
width. 

To  illustrate  the  use  of  the  chart,  the 
properties  of  a  rectangle  having  a  width  of 
8  units  and  a  height  of  2  units  might  be  de- 
termined. A  straight  line  cutting  the 
Width  scale  at  8.0  and  the  Height  scale  at 
2.0  intersects  the  other  scales  at  points  in- 
dicating the  area  to  be  16  (correct  value), 
the  section  modulus  5.3  (true  value  5.33), 
moment  of  inertia  about  the  neutral  axis 
5.35  (true  value  5.33),  and  the  moment  of 
inertia  about  the  lower  edge  21.4  (true 
value  21.33). 

If,  instead  of  the  given  figures  being  as 
above,  the  width  were  8  and  the  height  20, 
the  same  straight  line  would  be  established, 
and  the  same  readings  would  be  taken,  but 
the  results  would  be  160,  530,  5,350,  and 
21,400,  respectively. 

Should  the  figures  fall  outside  the  scaling 
in  the  opposite  direction,  the  same  general 
process  is  followed.  Thus,  for  width  of 
4.0  and  height  of  0.8,  the  straight  line  is 
established  as  for  4.0  and  8.0,  respectively, 
as  the  given  figures,  the  apparent  results 
being  read  as  32.0,  42.4,  172,  and  685,  re- 
spectively. Correction  for  the  decimal 
point  then  gives  the  final  results  as  3.20, 
0.424,  0.172,  and  0.685,  respectively,  the 
numerically  computed  values  actually  be- 
ing 3.20,  0.4267,  0.17067,  and  0.68333,  re- 
spectively. 
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22.  Area  of  Isosceles  Trapezoids 


Method  for  the  determination  of  the  areas 
of  such  figures,  serving  in  the  solution  of 
problems  involving  excavation  of  trenches 
with  sloping  walls,  enbankments  with  slop- 
ing sides,  or  flow  area  of  water  in  canals. 
The  mathematical  expression  for  the  area 
of  such  a  figure  is 

Area  =  wh  +  h2  cot  <j> 

where  w  is  the  width  of  the  shorter  of  the 
two  parallel  sides  of  the  figure,  h  is  the 
depth,  or  height,  of  the  figure,  and  <f>  is  the 
angle  between  the  sloping  side  and  the  par- 
allel sides. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  to  intersect  the  scale 
points  corresponding  to  three  of  the  four 
variables,  and  the  fourth  figure  is  read  at 
the  intersection  of  the  straight  line  with 
that  scale.  Thus,  to  determine  the  area  of 
such  a  figure,  where  the  shorter  of  the 
parallel  sides  has  a  length  of  5  and  the  depth 
is  10,  with  an  angle  of  30°  between  sloping 
sides  and  parallel  sides,  a  straight  line  is 
established  by  laying  a  straightedge  from 
the  scale  point  for  5  on  the  Lesser  Width 
scale,  through  the  vertical  scale  line  for  a 
Depth  of  10  at  its  intersection  with  the  slop- 
ing curve  for  30°  Side  Slope  Angle.  The 
intercept  of  this  line  on  the  Area  scale  is  at 
223.2  (computed  value  223.21). 


Where  given  figures  fall  beyond  the  scale 
limits,  or  at  points  where  accuracy  is  lost, 
the  linear  values  may  be  multiplied  by  the 
same  factor,  one  which  serves  to  bring  the 
dimensions  into  desired  portions  of  the 
chart.  The  result  from  the  chart  has  then 
only  to  be  multiplied  by  the  corresponding 
area  factor  to  obtain  the  true  result. 

More  specifically,  if  the  linear  dimen- 
sions are  divided  by  a  certain  factor,  to 
bring  them  into  desired  fields  of  the  chart, 
then  the  area  as  read  from  the  chart  must 
be  multiplied  by  the  square  of  that  factor. 
To  illustrate  this  point,  the  area  of  a  figure 
having  a  shorter  side  length  of  24  and  a 
depth  of  20,  with  side  slope  angles  of  60°, 
may  be  found.  Instead  of  using  the  linear 
dimensions  as  given,  they  are  divided  by  2, 
no  change  being  made  as  regards  the  angle. 
Then,  the  straight  line  is  established  from 
12  on  the  Lesser  Width  scale  through  the 
intersection  of  the  vertical  line  correspond- 
ing to  a  depth  of  10  with  the  curve  for  60° 
Side  Slope  Angle. 

This  line  intersects  the  Area  scale  at  a 
value  of  177.5.  This  latter  figure  is  then 
multiplied  by  4  (the  square  of  the  2  by 
which  the  original  linear  dimensions  were 
divided)  to  give  the  area  as  710  (true  com- 
puted value  710.96). 
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23.  Properties  of  Right  Triangles 


Method  for  solving  various  problems  in  this 
field.  If  a  triangle,  in  addition  to  having 
one  of  its  angles  90°,  is  defined  as  to  the 
length  of  at  least  one  side  and  the  value  of 
one  of  the  other  two  angles  or  the  length  of 
one  of  the  other  two  sides,  all  of  the  remain- 
ing values  can  be  determined  directly.  It 
must  be  borne  in  mind,  however,  that  the 
hypotenuse  of  the  triangle,  the  side  oppo- 
site the  right  angle,  must  always  be  evalu- 
ated on  the  chart  by  means  of  the  family 
of  curved  lines.  In  general,  better  results 
with  the  other  two  side  values  will  come 
of  evaluating  the  greater  of  the  two  with 
respect  to  the  vertical  lines,  using  the  scale 
at  the  bottom  of  the  chart.  Only  one  scal- 
ing is  available  for  the  acute  angles,  the 
sloping  lines,  but  these  give  a  measure  of 
one  angle,  and  the  other  is  simply  the  dif- 
ference between  this  and  90°. 

Procedure.  Interpolation  between  scale 
lines  or  curves  will  be  necessary  more  often 
than  not,  but  graphical  interpolation  is  a 
simple  matter  and  requires  but  little  time 
and  effort.  If  two  side  values  are  given, 
there  are  two  alternative  operations.  If  the 
two  given  sides  are  those  enclosing  the  right 
angle,  a  point  is  located,  by  interpolation 
as  necessary,  corresponding  to  the  scale 
values  fixed  by  the  vertical  and  horizontal 
lines.  Interpolation  between  the  nearest 
curves  then  gives  directly  the  value  for  the 
length  of  the  side  opposite  the  right  angle. 
A  similar  interpolation  between  the  nearest 
sloping  lines  gives,  similarly,  the  value  for 
one  of  the  acute  angles. 

To  illustrate  such  a  problem,  assume  the 
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lengths  of  the  two  sides  enclosing  the  right 
angle  as  150  and  65.  The  vertical  line  of 
150  intersects  the  horizontal  line  of  65  be- 
tween the  curves  for  160  and  170,  interpo- 
lated as  163  (true  value  163.48),  and  be- 
tween sloping  lines  for  22°  and  24°,  inter- 
polated as  23°  20'  (true  value  23°  26'). 

Where  the  given  values  are  for  one  right- 
angle  side  and  the  hypotenuse,  the  point 
located  would  be  that  fixed  by  the  hypot- 
enuse-value curve  intersecting  either  hori- 
zontal or  vertical  lines,  the  other  values  be- 
ing read  off,  interpolating  as  necessary. 
Where  hypotenuse  length  and  one  angle 
are  known,  the  fixed  point  is  determined 
by  the  intersection  of  the  correct  curve 
with  the  proper  sloping  line.  Similarly,  if 
one  angle  and  the  length  of  one  of  the  right- 
angle  sides  are  known,  the  fixed  point  is 
located  by  the  intersection  of  the  sloping 
line  for  the  angle  with  either  vertical  or 
horizontal  line  for  side  length. 

Although  not  sufficiently  accurate  for 
any  but  rough  or  preliminary  solutions  of 
problems,  the  chart  has  another  use  in  sav- 
ing time.  This  is  in  determining  the  more 
common  trigonometric  functions  of  angles, 
for  they  can  be  read  directly  from  the  chart. 
It  covers  sine,  cosine,  tangent,  cotangent, 
secant,  and  cosecant.  Procedure  for  each 
is  as  outlined  below. 

Sine.  Locate  the  intersection  of  the 
sloping  line  of  angle  with  the  curve  of 
100,  and  read,  interpolating  between  hori- 
zontal lines,  on  the  left-hand  scale  100 
times  the  sine  of  the  angle. 

Cosine.     Locate  the  intersection  of  the 
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Properties  of  Right  Triangles 

sloping  line  of  angle  with  the  curve  of  100, 
and  read,  interpolating  between  vertical 
lines,  on  the  bottom  scale  100  times  the 
cosine  of  the  angle. 

Tangent.  Locate  the  intersection  of  the 
sloping  line  of  angle  with  the  vertical  line 
of  100,  and  read,  interpolating  between 
horizontal  lines,  on  the  left-hand  scale  100 
times  the  tangent  of  the  angle. 

Cotangent.  Locate  the  intersection  of 
the  sloping  line  of  angle  with  the  horizontal 


line  of  10,  and  read,  interpolating  between 
vertical  lines,  on, the  bottom  scale,  10  times 
the  cotangent  of  the  angle. 

Secant.  Locate  the  intersection  of  the 
sloping  line  of  angle  with  the  vertical  line 
of  10,  and  read,  interpolating  between 
curves,  10  times  the  secant  of  the  angle. 

Cosecant.  Locate  the  intersection  of  the 
sloping  line  of  angle  with  the  horizontal 
line  of  10,  and  read,  interpolating  between 
curves,  10  times  the  cosecant  of  the  ansrle. 
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Group  III 
HYDRAULICS  CHARTS 


This  group  of  28  charts  is  gathered  to- 
gether into  a  single  group  as  relating  more 
or  less  directly  to  hydraulics  and  hydraulic 
equipment.  However,  it  is  limited  in  its 
coverage  of  the  hydraulic  field  in  that  it 
relates  to  water  almost  entirely.  The  omis- 
sion of  coverage  of  fluids  other  than  water 
was  due  to  a  feeling  that  such  a  coverage, 
to  be  adequate,  would  require  a  volume  in 
itself.  Then,  too,  this  present  volume  is 
intended  as  a  collection  of  charts  of  broader 
general  engineering  application. 

The  first  four  charts  of  this  group  give 
graphically,  in  the  form  of  functional  scales, 
means  for  converting  various  hydraulic 
units  from  one  to  another.  In  construc- 
tion, they  are  similar  to  the  charts  in  the 
first  group  in  this  volume,  though  in  some 
there  are  multiple  instead  of  single,  but 
interrupted,  scales.  Each  chart,  naturally, 
carries  its  own  explanatory  notes. 

Following  these  first  charts  there  are  a 
number  having  to  do  with  water  flow:  over 
weirs  of  various  types,  through  orifices,  in 
open  channels,  and  in  pipes.  In  each  case, 
again,  the  use  of  the  chart  is  explained,  and 
where  proper  sequence  of  operations  is 
necessary,  there  is  also  a  key  diagram.  In 
some  of  them,  the  mathematical  basis  may 
be  subject  to  some  question,  but  in  each 
case,  available  experimental  data  have  been 
compared  and  evaluated  to  arrive  at  basic 
data  which  practice  has  indicated  to  be 
sound. 


There  is  a  group  of  charts  having  to  do 
with  water  hammer  or  surges  in  pipe  lines, 
a  subject  not  clearly  understood  by  many 
engineers.  It  is  for  this  reason  that  there 
is  perhaps  more  space  given  to  explanation 
than  with  charts  having  to  do  with  more 
familiar  subjects.  These  charts  are  based 
upon  exact  formulas,  rather  than  any  of 
the  commonly  used  approximate  methods, 
but  the  charts  give  solutions  with  little  ef- 
fort, thus  achieving  all  of  the  advantages 
of  those  approximate  methods  while  still 
having  an  exact  basis. 

Following  the  water-hammer  charts, 
there  are  a  number  having  general  hydrau- 
lic use,  dealing  with  pipe  and  tank  volumes 
and  stresses,  as  well  as  servomotor  or  hy- 
draulic-ram determinations. 

Next  follows  a  series  of  six  charts  having 
to  do  with  pumps  and  impulse-  and  reac- 
tion-type hydraulic  turbines.  These  charts 
are  intended  not  to  be  used  as  basis  for 
design  of  such  equipment  but  to  give  to 
the  average  engineer  sufficient  data  for  use 
in  laying  out  preliminary  plans  for  projects. 
Most  of  them  represent  graphically  certain 
mathematical  expressions  which  experience 
has  shown  to  give  average  values  for  the 
figures  sought.  A  final  design  may  depart 
materially  from  such  determinations,  and 
each  manufacturer  may  find  consistent 
variations,  but  it  is  repeated  that  the  charts 
are  based  upon  general  averages. 
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Hydraulics  Charts 

Closing  this  group  will   be  found  two  made  to  represent  general  average  condi- 

charts  dealing  with  rainfall  intensity  and  tions   but  are   certainly  suitable   for   pre- 

runoff.     Again  the  charts  have  been  based  liminary  studies.     In  any  precise  investiga- 

upon  studies  of  experimental   data  from  tion,  the  records  and  past  performances  in 

many  sources  and  upon  the  use  of  various  the  vicinity  in  question  must  be  the  final 

methods.    And,  again,  the  charts  have  been  basis  for  conclusions. 
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Charts  in  Group  III 

24.  Water  Pressure,  Unit  Conversion 

25.  Water  Quantity  (Flow),  Unit  Conver- 
sion 

26.  Head  and  Velocity 

27.  Water    Quantity    (Static),    Unit    Con- 
version 

28.  V-notch  Weir  Discharge 

29.  Suppressed  Weir  Discharge 

30.  Contracted  Weir  Discharge 

31.  Submerged  Weir  Discharge 

32.  Orifice  Discharge 

33.  Open-channel  Flow 

34.  Pipe  Flow  and  Loss 

35.  Pipe  Flow  Velocity 

36.  Pipe  Flow  Loss 

37.  Pressure  Wave  Velocity 

38.  Surge-pressure  Rise 

39.  Maximum  Surge-pressure  Rise 

40.  Pipe  or  Tank  Volume 

41.  Hydraulic-cylinder  Force 

42.  Horizontal-tank  Content 

43.  Cylindrical-tank  and  Pipe  Strength 

44.  Jet  Diameter  and  Theoretical  Water 
Horsepower 

45.  Pump  Size  and  Horsepower 

46.  Hydraulic-turbine  Specific  Speed 

47.  Hydraulic-turbine  Speed 

48.  Hydraulic-turbine  Inlet  Diameter 

49.  Hydraulic-turbine  Runner  Diameter 

50.  Rainfall  Intensity 

51.  Rainfall  Runoff 
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24.  Water  Pressure,  Unit  Conversion 


Method  for  converting  water  pressure  meas- 
urements from  and  to  any  of  the  three  com- 
mon units  for  expressing  such  measure- 
ments. The  basic  relationships  repre- 
sented by  the  chart  are 

1  #/In.2  =  2.307  Ft.  H20  =  2.036  Ins.  Hg 

1  Ft.  H20  =  0.8826  Ins.  Hg  =  0.4335  #/In.2 

1  Ins.  Hg  =  0.491  #/In.2  =  1.133  Ft.  H20 

where  #/In.2  =  pounds  per  square  inch, 
Ft.  H20  =  feet  of  water,  and  Ins.  Hg  = 
inches  of  mercury. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  making  such  conver- 
sions, but  even  so  interpolation,  necessary 
more  often  than  not,  is  simpler  graphically 
than  arithmetically.  Further,  this  chart 
gives  in  a  single  sheet  a  complete  cover- 
age of  all  of  these  conversions. 

Procedure.  The  chart  consists  of  two  in- 
terrupted scales,  double-scaled.  The  inner 
scaling  on  each  is  in  Feet  of  Water,  with 


scaling  for  Inches  of  Mercury  on  the  outer 
side  of  one  and  Pounds  per  Square  Inch  on 
the  other.  To  convert  from  or  to  Feet  of 
Water  to  or  from  either  of  the  other  units, 
it  is  necessary  only  to  read  opposite  scal- 
ings  on  the  same  line.  However,  the  con- 
version between  Pounds  per  Square  Inch 
and  Inches  of  Mercury  requires  the  inter- 
mediate step  of  conversion  to  Feet  of  Water 
and  transfer  to  the  other  scale. 

For  instance,  to  convert  1.5  pounds  per 
square  inch,  the  figure  directly  opposite 
this  scaling  appears  as  3.46  feet  of  water 
(true  value  3.465),  and  opposite  the  same 
scaling  on  the  other  line  is  read  3.055  inches 
of  mercury  (true  value  3.054).  For  values 
beyond  the  chart  scaling,  all  scales  are  in 
direct  proportion,  so  it  is  necessary  only 
to  move  the  decimal  point.  Thus  in  the 
range  of  10  to  100  feet  of  water,  the  ranges 
will  be  approximately  9  to  90  inches  of 
mercury  and  4.3  to  43  pounds  per  square 
inch. 
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25.  Water  Quantity  (Flow),  Unit  Conversion 


Method  for  converting  water  quantity  meas- 
urements (of  flow)  from  and  to  any  of  the 
four  common  units  for  expressing  such 
measurements.  The  basic  relationships  re- 
presented by  the  chart  are 

1  Ac.-Ft./Day  =  0.504  Ft.3/Sec. 

=  226.3  Gal./Min.  =  0.326  Mgd. 
1  Ft.3/Sec.  =  448.8  Gal./Min. 

=  0.646  Mgd.  =  1.983  Ac.-Ft./Day 
1  Gal./Min.  =  0.00223  Ft.3/Sec. 

=  0.00144  Mgd.  =  0.00442  Ac.-Ft./Day 
1  Mgd.  =  3.07  Ac.-Ft./Day 

=  1.547  Ft.3/Sec.  =  694.4  Gal./Min. 

where  Ac.-Ft./Day  (Acre-Ft.  per  Day  on 
chart)  =  acre-feet  per  day  (24  hours), 
Ft.3/Sec.  (Cubic  Ft.  per  Sec.  on  chart)  = 
cubic  feet  per  second,  Gal./Min.  (Gallons 
per  Min.  on  chart)  =  gallons  per  minute, 
and  Mgd.  (Million  Gallons  per  Day  on 
chart)  =  millions  of  gallons  per  day  (24 
hours). 

It  is  true  that  tables  are  more  or  less 
readily  available  for  making  such  conver- 
sions, but  even  so,  interpolation,  necessary 
more  often  than  not,  is  simpler  graphically 
than  arithmetically.  Further,  this  chart 
gives  in  a  single  sheet  a  complete  coverage 
of  all  of  these  conversions. 

Procedure.  The  chart  consists  of  three  in- 
terrupted  (three-section)   scales,   of  which 


one  is  scaled  on  opposite  sides  for  two  of 
the  measurement  units,  and  each  of  the 
others  is  scaled  for  an  additional  one.  In 
any  case,  a  straight  line,  intersecting  the 
three  lines  (four  scales)  at  right  angles  with 
the  lines,  will  intersect  those  lines  at  scale 
points  which  indicate  the  true  related 
values  in  terms  of  the  four  units.  For 
making  determinations  or  conversions,  an 
ordinary  drafting  triangle  will  give  such  a 
crossline,  but  a  more  convenient  method  is 
to  use  a  xylonite  or  other  transparent  sheet 
with  right-angled  scratched  lines.  Such  an 
instrument  will  also  aid  in  the  use  of  other 
charts  for  conversions  included  in  this  pres- 
ent group. 

To  illustrate  the  use  of  the  chart,  the 
equivalent  quantities  may  be  determined 
for  1.5  cubic  feet  per  second.  The  scaling 
directly  opposite  this  scale  point  gives  one 
equivalent  as  673  gallons  per  minute  (true 
value  673.2).  A  line  through  this  scaling 
perpendicular  to  the  scale  lines  intersects 
one  of  the  other  lines  at  a  scale  value  of 
0.97  million  gallons  per  day  (true  value 
0.969),  and  the  other  at  scaling  2.975  acre- 
feet  per  day  (true  value  2.9745). 

For  values  beyond  the  primary  scalings,  it 
need  only  be  remembered  that  all  scales  are 
in  direct  proportion.  Thus  if  one  value 
used  is  ten  times  the  primary  scale  value, 
all  of  the  other  measurements  will  be  ten 
times  the  scale  figure. 
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26.  Head  and  Velocity 


Method  for  solving  problems  having  to  do 
with  the  relationship  between  head  and  ve- 
locity in  water  flow.  The  chart  serves  to 
determine  either  the  velocity  head  due  to  a 
known  flow  velocity  or  the  theoretical  ve- 
locity of  a  jet  discharged  under  a  known 
head.  The  basic  relationship  is  expressed 
by  the  two  equations 

H  =  V2/2g        and         V  =Vl^H 

where  H  is  head  in  feet,  V  is  velocity  in  feet 
per  second,  and  g  is  gravitational  accelera- 
tion, taken  as  32.162. 

It  is  true  that  tables  are  more  or  less 
readily  available  for  making  such  determi- 
nations, but  all  that  have  come  to  the  at- 
tention of  this  writer  have  been  limited  in 
scope,  with  tabulation  carried  to  but  two 
significant  figures.  Such  tables,  even 
within  their  range,  involve  interpolation, 
for  any  accurate  work,  in  almost  every  case, 
and  while  interpolation  may  be  necessary 
almost  as  often  with  this  chart,  this  process 
is  much  simpler  and  easier  when  done 
graphically  than  when  done  arithmetically. 


Procedure.  In  using  the  chart,  the  scale 
point  corresponding  to  the  given  value  is 
located  on  the  proper  scale,  interpolating  as 
necessary.  Then,  the  scaling  on  the  oppo- 
site side  of  the  line  at  the  same  point  gives 
the  desired  value.  Thus,  to  determine  the 
theoretical  spouting  velocity  of  a  jet  under 
a  head  of  48  feet,  the  scale  point  for  this 
figure  is  located  on  the  Head,  Feet  scale. 
The  scaling  on  the  opposite  side  of  the  line 
indicates  Velocity  in  feet  per  second  as 
55.6  (true  value  55.56). 

Secondary  scalings  are  indicated  to  show 
results  where  location  of  the  decimal  point 
deviates  from  that  of  the  primary  scaling. 
Thus,  to  find  the  velocity  head  resulting 
from  a  flow  of  3.6  feet  per  second  (in  the 
range  from  1.0  to  10),  the  scale  point  for 
36  of  the  primary  scaling  is  located  on  the 
Velocity,  Feet  per  Second  scale.  The  scal- 
ing on  the  opposite  side  of  the  line  indi- 
cates Head,  Feet  as  20.2.  But  the  secondary 
scaling  indicates  that  the  true  value  falls 
between  0.1  and  1.0,  so  the  result  is  a  ve- 
locity head  of  0.202  foot  (true  value  0.2015). 
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27.  Water  Quantity  (Static),  Unit  Conversion 


Method  for  converting  water  quantity  meas- 
urements from  and  to  any  of  the  three  com- 
mon units  for  expressing  such  measure- 
ments. The  basic  relationships  represented 
by  the  chart  are 
1  Cubic  Foot  =  7.4802  Gallons 

=  62.428  Pounds 
1  Gallon  =  8.33  Pounds  =  0.1337  Cubic  Foot 
1  Pound  =  0.01602  Cubic  Foot 

=  0.1200  Gallon 

It  is  true  that  tables  are  more  or  less 
readily  available  for  making  such  conver- 
sions, but  even  so,  interpolation,  necessary 
more  often  than  not,  is  simpler  graphically 
than  arithmetically.  Further,  this  chart 
gives  in  a  single  sheet  a  complete  coverage 
of  all  of  these  conversions. 

Procedure.  The  chart  consists  of  two  in- 
terrupted scales,  each  double-scaled.     The 


inner  scaling  on  each  is  in  Cubic  Feet,  with 
scaling  for  Gallons  on  the  outer  side  of  one 
and  Pounds  on  the  other.  To  convert  from 
or  to  Cubic  Feet  to  or  from  either  of  the 
other  units,  it  is  necessary  only  to  read 
opposite  scalings  on  the  same  line.  How- 
ever, the  conversion  between  Gallons  and 
Pounds  requires  the  intermediate  step  of 
conversion  to  Cubic  Feet  and  transfer  to 
the  other  scaled  line. 

For  instance,  to  convert  50  gallons,  the 
figure  directly  opposite  this  scaling  appears 
as  6.68  cubic  feet  (true  value  6.685),  and 
opposite  the  same  scaling  on  the  other  line 
is  read  418  pounds  (true  value  416.5).  For 
values  beyond  the  chart  scaling,  all  scales 
are  in  direct  proportion,  so  it  is  necessary 
only  to  move  the  decimal  point.  Thus  in 
the  range  of  10  to  100  cubic  feet,  the  ranges 
will  be  approximately  75  to  750  for  gallons 
and  625  to  6,250  for  pounds. 
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28.  V-notch  Weir  Discharge 


Method  for  the  determination  of  the  flow 
over  triangular,  or  V-notch,  weirs  of  various 
angles  and  under  the  normal  range  of  head 
of  water.  It  is  true  that  tables  are  avail- 
able for  notches  of  certain  angles,  but  this 
writer  has  seen  none  for  angles  other  than 
90°  and  60°.  But  even  for  these  angles,  the 
chart  is  convenient,  in  that  any  interpola- 
tion is  graphical  rather  than  arithmetical. 
For  other  angles,  the  chart  will  save  enor- 
mously, in  avoiding  reference  to  loga- 
rithmic (or  exponential)  and  trigonometric 
tables,  as  well  as  a  multiplication  operation. 
The  basic  formula  for  the  flow  of  water 
over  a  V  notch  is 


*5C 


VlgLH1 


where  Q  is  discharge  in  cubic  feet  per  sec- 
ond, c  is  an  experimental  coefficient,  taken 
as  0.59  for  this  chart,  g  is  gravitational  ac- 
celeration (32.162  feet  per  second  per  sec- 
ond), L  is  the  length  of  the  theoretical  crest 
of  the  water  stream  through  the  notch,  in 
feet,  and  H  is  the  head  on  the  notch,  meas- 
ured in  feet  above  the  point  (lower  apex)  of 
the  notch,  to  the  water-level  elevation  at  a 
point  sufficiently  upstream  to  avoid  the 
downdrop  curve.  (L  is  measured  at  this 
elevation.) 

Since  L  is  a  direct  function  of  the  head 


and  notch  angle,  the  equation  can  be  sim- 
plified to 

Q  =  2.53H25  tan  (0/2) 

where  6  is  the  angle  between  the  sides  of 
the  V  notch.  Naturally,  the  layout  of  the 
notch  is  such  that  it  is  symmetrical  with  re- 
spect to  a  vertical  line. 

The  use  of  a  value  of  0.59  for  c  might  be 
questioned,  since  various  authorities  place 
its  value  variously  within  the  range  from 
0.57  to  0.60.  The  bulk  of  available  data. 
however,  indicates  the  chosen  figure  as  a 
reasonable  average  of  experimental  results. 

Procedure.  To  use  the  chart,  a  straight 
line  is  projected  from  the  known  value  of 
the  notch  angle  to  the  scale  value  of  the 
observed  Head  on  Weir,  and  at  the  inter- 
section of  this  line  with  the  central  scale 
is  read  the  Discharge,  in  gallons  per  minute 
or  cubic  feet  per  second.  For  instance,  the 
flow  over  a  90°  notch  under  a  head  of  9 
inches  (0.75  foot)  is  determined  by  a 
straight  line  from  90°  on  the  Notch  Angle 
scale  to  0.75  on  the  Head  on  Weir  scale, 
which  intersects  the  Discharge  scale  at  a 
scaling  of  545  gallons  per  minute.  Tabu- 
lations of  experimental  data  give  actual  re- 
sults from  533  to  550. 
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29,  Suppressed  Weir  Discharge 


Method  for  the  determination  of  the  flow 
of  water  over  rectangular  weirs  where  there 
are  no  end  contractions.  The  formula 
used  in  setting  up  the  chart  is  that  due  to 
Rehbock,  which  is  widely  used  where 
maximum  accuracy  is  desired.  But  it  is 
complex  and  time-consuming,  shortcom- 
ings that  are  avoided  by  use  of  the  chart. 
True,  tabulations  are  more  or  less  readily 
available  to  cover  the  normal  range,  but 
these  involve  interpolation  more  often 
than  not,  and  even  where  interpolation  is 
necessary  with  the  chart,  it  is  a  simpler 
operation  than  with  tables. 

According  to  Rehbock,  the  discharge  over 
a  weir  of  this  type,  in  cubic  feet  per  sec- 
ond, is 

Q  =  L[3.228  +  0A35(H/P)]HU5 

where  L  is  the  length  of  the  weir  crest 
(=  approach-channel  width)  in  feet,  P  is 
the  height  of  the  weir  crest  above  the  bot- 
tom of  the  approach  channel  in  feet,  and  H 
is  a  quantity  equal  to  the  head  in  feet  above 
the  crest  plus  0.0036. 

At  the  right-hand  side  of  the  chart  there 
is  an  intersection-type  nomograph  which 
deals  with  the  quantities  other  than  crest 
length.  However,  the  scale  readings  for 
head  are  true  observed  head  above  the  crest, 
the  added  constant  being  taken  care  of  in 
setting  up  the  chart.  Values  of  head  are 
represented  by  the  family  of  curves,  with 
numerical  values  marking  their  extreme 
left  ends.  Values  for  depth  of  channel  be- 
low weir  crest  are  represented  by  vertical 
lines  according  to  the  scale  at  the  bottom. 
A  scaling  at  the  right  edge  of  this  section 
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represents  the  discharge  per  foot  of  crest 
length. 

Procedure.  To  use  the  chart,  the  point 
of  intersection  is  located  in  the  right-hand 
section  just  described,  which  corresponds 
to  the  observed  values  of  Head  on  Weir  and 
Depth  below  Crest,  interpolating  as  may 
be  necessary.  Then  follow  horizontally 
across  this  section  of  the  chart  to  its  right- 
hand  edge,  and  there  may  be  read  the  dis- 
charge per  foot  of  crest  length.  Then,  a 
straight  line  through  this  point  and  the 
scale  point  corresponding  to  Weir  Crest 
Length  on  the  scale  at  the  left  side  of  the 
chart  will  intersect  the  Weir  Discharge 
scale  at  a  scale  point  corresponding  to  the 
total  discharge. 

For  instance,  assume  an  approach  chan- 
nel 6.0  feet  wide  (crest  length)  and  4.0  feet 
deep  below  the  crest,  with  water  overflow- 
ing with  a  measured  head  above  the  crest 
of  0.5  foot.  Locate  the  intersection  point 
between  the  curve  for  0.5-foot  head  and  the 
vertical  line  for  4.0-foot  depth;  then  follow 
horizontally  to  the  scale  at  the  right-hand 
side  of  this  section.  There  the  discharge 
per  foot  of  crest  length  is  read  as  1.17  cubic 
feet  per  second.  A  straight  line  through 
this  point  and  the  scale  point  for  6.0-foot 
crest  length  intersects  the  middle  scale  at  a 
point  showing  the  total  discharge  to  be 
7.00  cubic  feet  per  second. 

Where  the  crest-length  value  is  outside 
the  scaling  limits,  a  scale  point  for  0.1  or 
10.0  times  the  actual  length  should  be  used 
on  the  chart,  the  DiscJiarge  determination 
afterward  being  multiplied  by  10.0  or  0.1, 
respectively. 
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30.  Contracted  Weir  Discharge 


Method  for  the  determination  of  the  flow 
of  water  over  rectangular  weirs  with  full 
end  contractions.  The  formula  used  in  set- 
ting up  the  chart  is  not  one  of  those  in  com- 
mon use,  but  it  has  the  advantage  of  retain- 
ing a  high  degree  of  accuracy,  or  rather,  of 
conformance  with  experimental  results, 
over  the  full  range  from  heads  down  to  a 
hundredth  of  the  crest  length  up  to  those 
of  twice  the  crest  length. 

It  is  true  that  tabulations  are  available 
which  give  discharges  of  this  type  of  weir, 
some  based  upon  experimental  data,  some 
on  computation  by  use  of  various  formulas, 
and  some  mixtures  of  the  two.  But  in 
any  case,  interpolation  is  often  necessary 
and  is  much  more  involved  and  time-con- 
suming than  interpolation  graphically  by 
use  of  the  chart.  When  tables  are  not  avail- 
able or  do  not  provide  adequate  coverage, 
arithmetical  computation  is  a  laborious 
process,  even  with  the  simplest  of  the  for- 
mulas. On  the  other  hand,  this  chart 
should  cover  the  entire  practical  range  of 
the  variables  involved  in  such  measure- 
ments. 

The  equation  upon  which  the  chart  is 
based  is  not,  as  was  stated,  in  common  use, 
though  its  addition  to  the  Power  Test  Code 
was  proposed  some  years  ago.    It  is 

Q  =  3A25LHVA6 

where  Q  is  discharge  in  cubic  feet  per  sec- 
ond, L  is  the  crest  length  in  feet,  and  H  is 
the  effective  head  above  the  crest,  in  feet, 
including  velocity  head  at  the  point  of 
measuring  actual  elevation  above  the  crest. 
The  exponent  1%6  appears  to  take  care  of 
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the  variation  of  the  coefficient  with  differ- 
ent ratios  of  head  to  crest  length,  even  to 
the  extremes  mentioned  above. 

Procedure.  To  use  the  chart,  a  straight 
line  is  projected  from  the  known  value  of 
Crest  Length  through  the  observed  value 
of  Head  on  Weir,  on  their  respective  scales, 
and  the  Discharge  is  read  on  that  scale  at 
the  line's  intersection.  On  the  Head  on 
Weir  axis  there  are  two  scalings,  A  and  B, 
and  likewise  there  are  two,  A  and  B,  on  the 
Discharge  axis.  In  each  case,  the  scalings 
of  like  designations  should  be  used,  A  with 
A  and  B  with  B.  Where  the  crest  length 
is  outside  the  scaling  limits,  a  scale  point 
for  0.1  or  10  times  the  actual  length  should 
be  used,  afterward  multiplying  the  Dis- 
charge result  by  10  or  0.1,  respectively. 

By  way  of  illustration,  we  may  determine 
the  discharge  over  a  3-foot  weir  under  a 
head  of  1.0  foot.  A  line  through  the  scale 
point  for  3.00  on  the  Weir  Crest  Length 
scale  and  that  for  1.00  on  the  Head  on 
Weir  A  scale  intersects  the  Discharge  A 
scale  at  9.30  cubic  feet  per  second.  If 
the  crest  length  were  0.3  foot,  the  dis- 
charge would  be  0.93,  and  with  the  length 
30.0  feet,  it  would  be  93.0.  With  3-foot 
crest  and  0.1-foot  head,  the  B  scalings  would 
give  a  discharge  of  0.333  cubic  foot  per 
second. 

Where  the  crest-length  value  is  outside 
the  scaling  limits,  a  scale  point  for  0.1  or 
10.0  times  the  actual  length  should  be  used 
on  the  chart,  the  Discharge  determination 
afterward  being  multiplied  by  10.0  or  0.1, 
respectively. 
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31.  Submerged  Weir  Discharge 


Method  for  the  determination  of  the  flow 
of  water  over  rectangular  submerged  weirs 
without  end  contractions.  The  formula 
used  in  setting  up  the  chart  is  that  due  to 
Herschel,  which  is  widely  used.  But  its  use 
is  time-consuming,  a  shortcoming  avoided 
by  use  of  this  chart.  Tabulations  may  be 
available  setting  forth  discharges  under 
various  conditions,  but  none  has  come  to 
the  attention  of  this  author.  But  even  if 
they  are  available,  any  interpolation,  neces- 
sary more  often  than  not,  would  involve 
arithmetical  computation  of  proportional 
parts,  whereas  interpolation  on  the  chart, 
being  visual,  is  far  easier. 

According  to  Herschel,  the  discharge 
over  a  weir  of  this  type,  in  cubic  feet  per 
second,  is 

Q  =  3.33L(nH)SA 

where  L  is  the  length  of  the  weir  crest 
(=  approach-channel  width)  in  feet,  H  is 
the  upstream  head  above  the  weir  crest, 
also  in  feet,  and  n  is  an  experimental  factor 
varying  with  the  ratio  between  downstream 
and  upstream  heads  or  heights  of  water 
level  above  the  elevation  of  the  weir  crest. 
At  the  right-hand  side  of  the  chart  there 
is  an  intersection-type  nomograph  which 
deals  with  the  quantities  other  than  crest 
length.  Here,  values  of  Downstream  Sub- 
mergence, or  head,  are  represented  by  the 
family  of  curves,  while  values  of  Upstream 
Head  on  Crest  are  represented  by  the  verti- 
cal lines.  The  constant,  the  experimental 
factor,  and  the  exponent  are  all  brought 
into  the  operation  by  which  the  intersec- 
tion of  any  curve  with  any  vertical  line  can 
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be  related  to  the  horizontal  lines  to  obtain 
the  value  of  Discharge  per  Foot  Crest 
Length. 

Procedure.  To  use  the  chart,  the  point  of 
intersection  corresponding  to  observed 
values  of  upstream  and  downstream  head 
is  located  in  the  right-hand  section  just 
described,  interpolating  as  necessary. 
Then  follow  horizontally  across  this  sec- 
tion to  the  right-hand  edge,  and  there  may 
be  read  Discharge  per  Foot  Crest  Length. 
Then  a  straight  line  through  this  point  and 
the  scale  point  corresponding  to  Weir  Crest 
Length  on  the  scale  at  the  left-hand  side 
of  the  chart,  will  intersect  the  Discharge 
scale  at  a  point  corresponding  to  the  total 
discharge. 

For  instance,  assume  an  approach-chan- 
nel width  and  crest  length  of  7.00  feet,  with 
upstream  and  downstream  heads  1.50  and 
1.00  feet,  respectively.  Locate  the  inter- 
section point  of  the  curve  of  1.00  Down- 
stream Submergence  with  the  vertical  line 
of  1.50  Upstream  Head  on  Crest,  and  then 
follow  horizontally  to  the  scale  at  the  right- 
hand  side  of  this  section.  There  the  Dis- 
charge per  Foot  Crest  Length  is  read  as  4.45 
cubic  feet  per  second.  A  straight  line 
through  this  point  and  the  scale  point  for 
7.00  Weir  Crest  Length  intersects  the  Dis- 
charge scale  at  31.3  cubic  feet  per  second. 

Where  the  crest  length  is  outside  the 
scaling  limits,  a  scale  point  for  0.1  or  10.0 
times  the  actual  length  should  be  used, 
the  Discharge  determination  afterward  be- 
ing multiplied  by  10.0  or  0.1,  respectively. 
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32.  Orifice  Discharge 


Method  for  the  determination  of  the  dis- 
charge of  water  through  orifices  of  various 
shapes  and  sizes  and  under  various  heads. 
It  is  true  that  there  are  available  tabula- 
tions for  discharges  of  round  orifices  under 
the  assumption  of  perfect  flow,  and  some 
tables  for  other  conditions  have  come  to 
this  author's  attention.  However,  interpo- 
lation is  necessary  more  often  than  not,  and 
there  is  the  further  requirement,  in  most 
cases,  of  applying  a  coefficient  to  correct  for 
the  form  of  orifice.  The  chart,  however, 
makes  any  necessary  interpolation  a  visual 
matter,  always  easier  than  arithmetical,  and 
it  offers  direct  adjustment  for  orifice  form. 
The  formula  upon  which  the  chart  is 
based  is  the  conventional  one  for  orifice 
discharge,  which,  in  cubic  feet  per  sec- 
ond, is 

Q  =  CAVlgH 

where  A  is  the  orifice  area  in  square  feet,  g 
is  gravitational  acceleration  in  feet  per  sec- 
ond per  second,  H  is  the  effective  head  of 
water  on  the  orifice  center  line,  in  feet,  and 
C  is  a  coefficient  of  discharge.  This  last 
term  is  equal  to  1.00  for  perfect  discharge 
without  loss  and  with  various  forms  of  en- 
trances and  shapes  of  orifices  will  have 
lower  values. 

One  of  the  chart  scales  covers  the  usual 
range  of  this  coefficient,  but  on  that  same 
scale  diagrammatic  illustrations  of  various 
forms  of  orifices  are  shown,  with  indicating 
lines  to  the  scale  point,  in  each  case,  which 
has  been  selected  as  a  fair  average  for  its 
coefficient.  Both  round  and  square  orifices 
are  illustrated,  with  different  forms  of  en- 
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trance  and  outlet.  For  rectangular  orifices 
departing  not  too  far  from  square,  the  co- 
efficient indicated  is  accurate  enough  for 
general  purposes,  but  where  greater  accu- 
racy is  required,  recourse  should  be  had  to 
tables  which  are  available,  and  the  coeffi- 
cient so  found  should  be  used  on  the  chart. 
In  representing  on  the  chart  the  various 
types  of  orifices,  it  is  hoped  that  the  figures 
identify  themselves.  However,  in  case  this 
objective  has  not  been  realized,  they  are 
more  specifically  identified  below,  together 
with  the  assumed  values  of  coefficients, 
which  appear  at  the  end  of  the  line  in  the 
tabulation  on  page  78. 

Procedure.  The  use  of  the  chart  is  illus- 
trated in  the  key  diagram,  and  after  ini- 
tial use,  that  should  suffice  as  a  guide  in 
procedure.  But,  more  specifically,  the  first 
step  is  to  project  a  straight  line  through 
the  scale  points  corresponding  to  meas- 
ured values  of  Head  on  Orifice  (center) 
and  Orifice  Diameter  or  (on  the  opposite 
side  of  the  same  scale)  Orifice  Area.  The 
scale  value  at  the  intersection  of  this  line 
with  the  Theoretical  Discharge  scale  gives 
the  discharge,  in  cubic  feet  per  second, 
with  a  coefficient  of  discharge  of  1.00. 

A  straight  line  established  by  this  point 
and  the  scale  point  corresponding  to  the 
proper  coefficient  of  discharge,  or  the  index 
point  identified  by  the  form  symbol,  will 
then  intersect  the  Discharge  Quantity  scale 
at  a  scale  point  that  gives  the  actual  dis- 
charge. Where  the  actual  values  of  head 
are  beyond  the  scale  limits  of  the  chart, 
the  true  value  may  be  multiplied  by  0.01 
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Orifice   Discharge 

or  100  to  arrive  at  a  value  within  the  limits, 
making  the  change  in  decimal  point  of  the 
Quantity  value  as  indicated  by  the  auxil- 
iary scalings  appearing  at  the  ends  of  the 
scales.  A  similar  adjustment  may  be  made 
for  orifice  area,  bearing  in  mind  that  the 
discharge  varies  directly  with  the  area;  i.e., 
for  an  area  10.0  times  the  scale  value,  the 
discharge  will  be  10.0  times  that  indicated, 
but  for  a  diameter  10.0  times  a  scale  value, 
the  discharge  will  be  100  times  that  indi- 
cated. 


To  illustrate  by  determining  the  dis- 
charge through  a  sharp-edged  round  orifice 
2.00  inches  in  diameter  under  a  head  of 
75.0  feet,  a  line  through  75.0  feet  head  and 
2.00-inch  diameter  intersects  the  Theoreti- 
cal Discharge  axis  at  a  scale  value  of  1.50 
cubic  feet  per  second.  A  line  through  this 
point,  in  turn,  and  the  index  point  for 
round,  sharp-edged  orifice  (coefficient  = 
0.61)  intersects  the  Discharge  Quantity 
scale  at  a  value  of  0.92  cubic  foot  per 
second. 


1.  Well-designed,  bell-mouthed  orifice,  with  entrance  channel  having  an  area  at  least  16  times  that  of  the 

orifice 1 .00 

2.  Bell-mouthed  orifice  in  wall  of  water  container 0.98 

3.  Square  orifice,  with  (elliptically)  curved  entrance  guide  surfaces  all  around  opening 0.96 

4.  Same  as  (3),  but  with  discharge  through  confined  channel  of  same  size  and  shape  in  cross  section  as 

orifice  and  of  length  of  three  or  more  times  the  shortest  dimension  of  the  orifice  itself 0.88 

5.  Same  as  (4),  but  with  curved  entrance  guide  surface  omitted  on  top  side  of  orifice 0. 85 

6.  Same  as  (4),  but  with  curved  entrance  guide  surface  along  bottom  edge  of  orifice  only 0.82 

7.  Round  orifice  with  tube  of  same  diameter,  flowing  full,  entrance  flush  with  inner  surface  of  water 

container 0.82 

8.  Same  as  (3),  but  with  curved  entrance  guide  surface  omitted  on  top  side  of  orifice 0.78 

9.  Orifice  being  sharp-edged  end  of  tube  extending  into  water  container,  round,  running  full 0.73 

10.  Same  as  (3),  but  with  curved  entrance  guide  surface  along  bottom  edge  of  orifice  only 0.64 

11.  Square,  sharp-edged  orifice 0. 62 

12.  Round,  sharp-edged  orifice 0.61 

13.  Same  as  (7),  but  tube  not  running  full 0.61 

14.  Same  as  (9),  but  tube  not  running  full 0.52 


78 


33.  Open-channel  Flow 


Method  for  the  solution  of  problems  having 
to  do  with  the  flow  of  water  in  open  chan- 
nels, canals,  flumes,  and  ditches.  There 
are  several  formulas  in  general  use  for  such 
problems  and  any  number  of  charts  for 
simplification  of  their  use.  But,  though 
there  are  other  charts  available,  this  one  is 
offered  as  having  two  slight  advantages. 
The  first  is  that  it  is  simpler  to  use  than 
most  of  those  available,  and  the  second  is 
that  it  covers  a  wider  range  of  the  variables 
than  most. 

The  basis  upon  which  the  chart  was  de- 
signed is  the  Manning  formula,  wherein 
the   flow  velocity,   in   feet   per  second,   is 

V  =  lA86R2/3SV2/n 

where  R  is  the  hydraulic  radius  of  the  flow 
section,  in  feet,  S  is  the  slope  of  the  flow 
line,  expressed  as  a  decimal  value  of  drop 
per  foot  of  distance,  and  n  is  a  roughness 
coefficient.  The  hydraulic  radius  may  be 
further  explained  as  being  the  result  ob- 
tained by  dividing  the  area  of  the  stream 
cross  section  by  the  length,  measured  trans- 
versely on  that  section,  of  the  wetted  per- 
imeter of  the  section. 

The  roughness  coefficient  n  is  the  same 
as  that  used  in  the  more  complex  Kutter 
formula.  It  varies  from  a  minimum  value 
of  about  0.009,  for  extremely  smooth  sur- 
faces, such  as  when  enameled,  to  about 
0.150  for  channels  of  rough  surfaces,  with 
irregular  section  and  with  timber,  boulders, 
or  other  obstructions  in  the  flow  section. 
However,  it  is  seldom  that  values  above 
0.075  will  be  encountered  in  problems  of 
controlled  flow.    As  a  matter  of  fact,  only 


in  studies  of  flood  flow  will  much  higher 
values  be  encountered,  and  even  then  they 
will  very  rarely  exceed  0.100. 

Procedure.  To  use  the  chart  to  deter- 
mine the  flow  in  a  channel  under  known 
conditions,  the  key  diagram  on  the  chart 
indicates  the  sequence  of  operations.  First, 
a  straight  line  is  established,  passing 
through  the  scale  points  corresponding  to 
the  known  values  of  Roughness  Coefficient 
and  Hydraulic  Radius  on  those  respective 
scales.  This  line  will  intersect  the  blank 
axis,  which,  though  not  scaled,  fixes  a  point 
that  characterizes  the  channel.  A  second 
line  established  by  this  point  and  the 
proper  scale  value  on  the  Slope  scale  will 
then  intersect  the  Flow  Velocity  scale  at  a 
scale  point  that  gives  the  flow  velocity  in 
feet  per  second.  Then,  a  third  line  estab- 
lished by  this  point  and  the  scale  value 
corresponding  to  the  area  of  the  flow  cross 
section  will  intersect  the  Flow  axis  at  a 
scale  point  which  establishes  the  total  flow 
in  cubic  feet  per  second. 

Where  the  cross-section  area  is  such  as 
to  fall  outside  the  scale  limits,  a  value  of 
0.1  or  10.0  times  the  true  area  is  used  on 
the  chart,  and  the  final  flow  figure  is  then 
multiplied  by  10.0  or  0.1,  respectively,  as 
the  case  may  be,  to  obtain  the  true  value. 
In  using  the  chart,  it  is  essential  that  the 
intersections  be  established  by  points  on 
the  axis  groups  as  explained.  However, 
the  procedure  may  be  reversed  or  started 
from  both  ends  to  establish  a  factor  inter- 
mediate, such  as  slope. 
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Open-channel   Flow 

For  instance,  it  is  often  the  practice  in 
preliminary  design  work  on  channels  to 
start  with  a  limiting  figure  for  velocity, 
established  by  the  material  through  which 
the  channel  passes,  and  this,  with  the 
known  requirement  for  total  flow,  deter- 
mines the  cross-section  area  and  the  hy- 
draulic radius.  A  line  established  by  this 
latter  figure  and  the  assumed  roughness 
coefficient  then  gives  an  intercept  on  the 
blank  axis,  and  this  point  and  the  assumed 
flow  velocity  define  the  line  which  estab- 
lishes the  required  slope.  Or  if  the  slope 
is  limited,  the  slope  and  velocity  establish 
an  intercept  on  the  blank  axis,  which  by 
trial  and  error  must  be  reconciled  with  the 
relation  between  channel  area  and  hy- 
draulic radius. 

By  way  of  illustrating  the  basic  use  of 
die  chart,  the  flow  may  be  determined  for  a 


channel  of  metal,  smooth  lumber,  or  ma- 
sonry, having  a  roughness  coefficient  of 
0.012,  where  the'  hydraulic  radius  is  1.00 
foot  and  the  slope  is  1  foot  in  2,000,  or 
0.0005,  the  flow  cross  section  being  assumed 
as  9.00  square  feet.  A  line  established 
by  the  scale  point  for  0.012  on  the  Rough- 
ness Coefficient  scale  and  1.00  on  the  Hy- 
draulic Radius  scale  gives  an  intercept  on 
the  blank  axis  which  fixes  one  point  on  the 
second  line.  With  this,  the  line  is  com- 
pletely defined  by  the  proper  scale  point, 
0.0005,  on  the  Slope  scale,  and  this  line 
intersects  the  Flow  Velocity  scale  at  a  scale 
point  of  2.80  feet  per  second  (computed 
value  2.77).  The  third  line,  established 
by  this  point  and  the  scale  point  for  9.00 
square  feet  Channel  Area,  intersects  the 
Flow  scale  at  a  scaling  of  25.0  cubic  feet 
per  second  (computed  value  24.93). 
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34.  Pipe  Flow  and  Loss 


Method  for  the  determination  of  flow  veloc- 
ity and  head  loss  in  flow  of  water  in  vary- 
ing quantities  and  in  different  sizes  of  pipe. 
Its  use  is  recommended  only  for  prelimi- 
nary or  approximate  determinations,  be- 
cause, in  trying  to  make  the  chart  cover  a 
large  field,  accuracy  is  sacrificed.  For  ac- 
curate determinations,  it  is  recommended 
that  solution  be  broken  down  into  two 
stages  by  use  of  Charts  35  and  36.  In  the 
text  relating  to  those  charts  will  be  dis- 
cussed  their  mathematical   basis,   and   the 


same  basis  applies  as  well   to  this  chart. 

Procedure.  In  using  the  chart,  a  straight 
line  is  established  by  locating  the  scale 
points  on  the  appropriate  scales  for  any 
two  of  the  variables  involved:  flow  quan- 
tity, pipe  diameter,  flow  velocity,  and  head 
loss.  A  straight  line  through  the  two 
known  scale  points  will  then  intersect  the 
other  scales  at  scale  points  indicating  the 
true  values  for  those  other  two  variables. 
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35.  Pipe  Flow  Velocity 


Method  for  the  solution  of  problems  involv- 
ing the  relationship  between  pipe  diam- 
eter, flow  quantity,  and  flow  velocity.  Di- 
rectly, the  chart  provides  a  determination 
of  velocity  when  quantity  and  diameter  are 
known,  or  it  serves  to  determine  pipe  di- 
ameter where  quantity  and  limiting  veloc- 
ity are  known.  Further,  it  may  be  used  as 
the  first  step,  in  determining  velocity,  for 
other  pipe-line  problems,  such  as  head  loss 
and  water-hammer  surge-pressure  rise,  the 
subsequent  steps  for  which  are  covered  by 
later  charts  in  this  volume. 

The  formula  upon  which  this  chart  is 
based  is  elementary,  in  that  the  flow  quan- 
tity is 

Q=VA 

where  V  is  the  velocity  in  feet  per  second, 
A  is  the  cross-sectional  area  of  the  pipe  in 
square  feet,  and  the  quantity  is  in  cubic 
feet  per  second.  In  another  form,  the 
equation  is  V  =  Q_/A,  and  introducing  the 
proper  constants,  it  becomes  183.34Q/D2, 
where  D  is  the  pipe  diameter  in  inches. 

In  the  text  accompanying  Chart  34 
(Pipe  Flow  and  Loss),  it  was  recommended 
that  where  any  degree  of  accuracy  was 
required  in  pipe-flow  computations,  the 
problem  be  divided  into  two  stages.  An 
examination  of  this  chart  reveals  immedi- 
ately the  reason  for  this.  This  chart  covers 
a  wide  range  of  values  for  the  variables 
but  with  scales  enormously  expanded,  mak- 
ing for  far  greater  accuracy.  To  have 
achieved  the  same  end  on  the  earlier  chart 
would  have  involved  such  complexities  of 
scaling  as  to  make  its  use  more  difficult  and 
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much  more  subject  to  errors  in  the  use  of 
auxiliary  scalings. 

It  is  repeated,  therefore,  that  use  of  the 
earlier  chart  should  be  restricted  to  pre- 
liminary determinations  or  to  those  where 
only  rough  estimates  are  involved. 

Procedure.  To  use  the  chart  in  deter- 
mining velocity  where  quantity  flow  and 
pipe  diameter  are  known,  a  straight  line  is 
established  through  the  scale  points  corre- 
sponding to  the  known  values  on  the  scales 
for  Flow  and  Pipe  Diameter.  At  the  in- 
tersection of  this  line  with  the  Flow  Veloc- 
ity scale,  the  scale  value  is  read  for  that 
figure.  The  Pipe  Diameter  and  Flow 
Velocity  scales  have  double  scalings,  and 
when  the  known  diameter  falls  on  the  A 
scaling  for  diameter,  the  A  scale  for  velocity 
is  read:  likewise,  B  is  used  with  B. 

Where  the  Flow  quantity  falls  outside 
the  scale  limits,  recourse  is  had  to  the 
auxiliary  scalings  appearing  at  the  ends  of 
the  scales.  The  actual  quantity  is  multi- 
plied by  10.0  or  0.1,  as  necessary,  to  obtain 
a  figure  that  does  fall  within  the  scale 
limits.  Then,  the  Flow  Velocity  scale 
reading  is  adjusted  according  to  the  auxil- 
iary scaling  figures,  always  keeping  in  mind 
the  necessary  consistency  as  to  A  and  B 
scales. 

For  instance,  determining  the  flow  ve- 
locity with  2.50  cubic  feet  per  second  in 
a  pipe  having  an  internal  diameter  of  7.00 
inches,  a  straight  line  through  those  re- 
spective scale  points  intersects  the  Flow 
Velocity  axis  at  a  value  of  9.35  feet  per 
second   (true   value   9.354),    using   the   A 
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Pipe   Flow  Velocity 

scalings,  of  course.  If  the  diameter  is  70.0  have  been  0.935  for  A  or  0.00935  for  B, 
inches,  the  B  scalings  would  be  used,  and  and  if  25.0,  the  results  would  be  93.5  and 
the  velocity  would  be  0.0935.  0.935,  respectively.  Certain  of  these  fig- 
Further,  had  the  quantity  been  0.25  ures  approach  absurdity,  but  at  least  the 
cubic  foot  per  second,  the  velocity  would  principle  is  illustrated. 
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36.  Pipe  Flow  Loss 


Method  for  the  determination  of  the  head 
loss  in  friction  in  the  flow  of  water  in  pipe. 
It  is  true  that  tabulations  are  readily  avail- 
able which  present  the  losses  with  various 
pipe  diameters  and  flows  (velocities). 
However,  it  is  seldom  that  interpolation 
is  not  necessary  with  such  tabulations,  and 
by  reason  of  the  exponential  relationships 
of  the  variables,  this  is  a  tedious  process, 
avoided  by  use  of  the  chart. 

It  is  also  true  that  there  have  been  nu- 
merous charts  offered  for  solving  this  prob- 
lem, but  it  is  felt  that  this  one,  in  com- 
bination with  the  one  preceding,  will  offer 
certain  advantages  over  all  of  them,  even 
the  one  presented  in  this  volume  as  Chart 
34.  In  preceding  discussions,  it  has  been 
brought  out  that  broad  coverage  of  varia- 
tion of  variables  in  these  charts  has  been 
achieved  without  the  loss  of  accuracy  con- 
sistently found  in  other  charts  that  cover 
equal  ranges. 

There  is  one  other  departure,  in  this 
chart,  from  others  that  have  appeared,  in 
that  this  chart  is  based  upon  a  formula 
differing  somewhat  from  others  used.  Re- 
search over  the  past  20  years  by  this  author 
has  included  observations  on  a  number  of 
long  pipe  lines,  8  to  100  miles  in  length, 
and  in  diameters  from  8  inches  to  6  feet. 
This  has  been  in  addition  to  shorter  lines 
which  included  sizes  down  to  2  inches. 

All  of  this  study  has  shown  conclusively 
that  the  head-loss  variation  with  diameter 
is  inversely  with  the  1.16  power,  rather 
than  the  exponent  as  used  in  many  for- 
mulas.    The  variation  of  exponent  in  the 


various  formulas  ranges  from  the  1.1  to 
the  1.33  power. 

As  to  variation  of  loss  with  velocity, 
most  formulas  use  a  basis  of  a  variation 
with  the  square  of  the  velocity,  with  the 
exception  of  the  1.9  power  used  in  one 
formula.  The  researches  referred  to  here 
indicate  that  the  1.9  power  is  correct  over 
a  wide  range  of  conditions.  The  variations 
include  differences  in  pipe  material,  with 
tests  on  wood,  concrete,  cast-iron,  concrete- 
lined,  and  steel  pipe  lines. 

The  formula  upon  which  this  chart  is 
based  gives  the  head  loss,  in  feet,  per  1,000 
feet  of  pipe  length  as 

H  =  6.2V1  yD116 
where  V  is  flow  velocity  in  feet  per  second 
and  D  is  the  internal  diameter  of  the  pipe 
in  inches.  It  has  been  found  to  apply  to 
lines  in  reasonably  smooth  internal  condi- 
tion. Manufacturers  of  the  various  types 
of  pipe  give  various  factors  for  determina- 
tion of  the  change  in  loss  with  age.  In  the 
case  of  concrete,  concrete-lined,  or  wood 
pipe,  the  loss  may  decrease  slightly  with  the 
slimy  film  that  is  formed,  whereas  rusting 
and  tuberculation  will  increase  the  loss  in 
other  types. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  on  Pipe  Diameter  and  Velocity 
scales.  The  intersection  of  this  line  with 
the  Head  Loss  scale  then  gives  the  loss  in 
feet  per  1,000  feet.  It  should  be  noted 
that  the  Velocity  axis  is  double-scaled,  with 
scales  noted  as  A  and  B,  in  order  to  double 
the    (logarithmic)    scale    of    this    variable. 
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Pipe  Flow  Loss 

For  this  reason,  the  Head  Loss  axis  is  like-  line  through  2.00  on  the  Pipe  Diameter 

wise  double-scaled,  A  and  B,  and  in  each  scale  and  1.50  on  the  A  Velocity  scale.    The 

case,  the  scalings  of  like  designation  must  intersection  of  this  line  with  the  Head  Loss 

be  used,  A  with  A  and  B  with  B.  scale  A  gives  the  loss  at  6.5  feet  per  1,000 

By  way  of  illustration,  the  loss  in  a  pipe  feet  of  pipe,  which  is  reasonably  in  agree- 

of  2-inch  true  internal  diameter  with  flow  ment  with  other  charts  and  with  figures 

at  1.50  feet  per  second  is  determined  by  a  presented  by  available  tables. 


88 


o  o 

CT>    o 


SNI  -  WVIO  3dld 


(V)     Id  W/ld-SSOl  0V3H 
OOO  ^  o   ^      ^"^ 

<J-ro  CM  2     CO       10   m     <t       to  CM  _000 

' |,iiMv,->sv^|wl>vi'.|'W|iil.-f.. 


§00000       o 
CD       U)  i/l     ^J-        IO  C\J 

(a)   id  w/id-sson  ov3H 


(V)  03S/id-AJ.I0Cri3A 

O                               ^.  ocncoi^iDio 

in*                              10                                            cm                               _  -OOOOO 

1 ■■■■|h..|,,..|.  ,,,!■■■■    |.|.|.|.|.|.|  ■   I   ■    1  ■    I    1    |  ■  ■  .,|  ■  ^.  1  |  ■  ■  ■  ■  |  .  ■  ■  ■  |  ■  ■   ■  1    1 

Oo                              O                                          O                              in  ocncor^^otn 

(9)  03S/ld-AH0O13A 

89 


37.  Pressure  Wave  Velocity 


Method  for  the  determination  of  this  char- 
acteristic of  pipe  lines.  It  is  the  necessary 
first  stage  in  any  study  of  surges  in  pipe 
lines,  since  from  the  result  obtained  from 
this  chart  can  be  found  the  maximum  pres- 
sure rise  resulting  from  instantaneous  shut- 
off  or  its  equivalent,  for  varying  original 
velocities.  The  next  stage  is  solved  by 
means  of  the  chart  immediately  following, 
and  the  next  one,  then,  takes  up  cases  of 
shutoff  other  than  instantaneous. 

In  this  chart  and  the  two  immediately 
following,  all  having  to  do  with  the  solu- 
tion of  water-hammer  surge  problems,  so- 
lution is  based  upon  the  elastic-water-col- 
umn theory,  assuming  elasticity  in  the 
water  itself  as  well  as  in  the  enclosing  con- 
duit. Other  theories  are  frequently  fol- 
lowed in  such  problems,  and  there  are  a 
number  of  approximate  methods  for  solu- 
tion, usually  used  in  an  effort  to  reduce 
the  time  otherwise  required  in  solution. 
However,  these  other  theories  and  methods 
have  grave  shortcomings  and  may  lead  to 
dangerously  erroneous  conclusions.  This 
subject  was  very  ably  treated  by  Ray  S. 
Quick  in  a  paper  prepared  for  the  A.S.M.E. 
spring  meeting  of  1927,  so  further  discus- 
sion is  not  necessary  in  this  volume. 

The  basic  formula  upon  which  the  chart 
is  based  is  that  wherein  the  wave  velocity, 
in  feet  per  second,  is 

4,660 
a~  Vl  +  (KD/Et) 
where  K  is  the  bulk  modulus  of  water  = 
294,000  pounds  per  square  inch,  D  is  the 
pipe  diameter  in  inches,  E  is  the  modulus 
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of  elasticity  of  the  pipe  material  in  pounds 
per  square  inch,  and  t  is  the  pipe  wall 
thickness  in  inches.  K  is  a  constant,  of 
course,  and  the  terms  E  and  t  are  combined 
in  a  single  axis  on  the  chart  for  purposes 
of  simplification.  Thus,  there  are  two  pri- 
mary scalings,  one  where  the  material  is 
concrete  and  the  other  where  it  is  steel. 
An  auxiliary  scaling  is  also  indicated  for 
cast  iron,  each  scale  value  on  the  steel  scale 
representing  twice  that  thickness  for  cast 
iron. 

Studies  by  this  author  indicate  that  pipes 
of  composite  materials,  such  as  concrete- 
lined  steel  or  cast  iron,  or  steel-banded 
wood-stave  pipe,  will  have  wave  velocities 
more  nearly  those  of  the  inner  material 
than  those  of  a  computed  combined  mod- 
ulus. There  is  little  experimental  data  in 
this  field,  and  in  any  case,  manufacturers' 
guarantees  must  be  used  as  the  basis  for 
any  important  studies  involving  such  pipe, 
rather  than  relying  upon  this  chart. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  on  Pipe  Thickness  and  Pipe 
Diameter  scales.  The  intersection  of  this 
line  with  the  Pressure  Wave  Velocity  scale 
will  be  at  the  scale  point  for  the  velocity  in 
feet  per  second. 

By  way  of  illustration,  the  wave  velocity 
in  a  steel  pipe  line  of  15.0  inches  diameter 
and  0.60-inch  thickness  is  determined  by 
a  line  through  15.0  on  the  Pipe  Diameter 
scale  and  0.60  on  the  Pipe  Thickness 
(Steel)  scale.    The  intersection  of  this  line 
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Pressure  Wave  Velocity 

with  the  Pressure  Wave  Velocity  scale  is  at 
the  scale  point  corresponding  to  4,160  feet 
per  second  (computed  value  4,168). 

It  might  be  noted  that  in  so  far  as  wave 
velocity  is  concerned,  the  condition  would 


be  the  same  for  a  15-inch  cast-iron  pipe 
1.20  inches  thick,  or  a  15-inch  concrete 
pipe  6.0  inches  thick.  The  latter  ap- 
proaches absurdity  but  illustrates  the 
point. 
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38.  Surge-pressure  Rise 


Method  for  the  determination  of  surge  pres- 
sures where  flow  shutoff  is  not  instanta- 
neous or  equivalent  thereto.  The  word 
"equivalent"  applies,  of  course,  to  shutoff, 
assumed  as  taking  place  uniformly,  over  a 
period  of  time  greater  than  the  natural 
period  of  the  pipe  line  (the  time  required 
for  a  surge-pressure  wave  to  travel  back 
to  the  end  of  the  line  and  be  reflected  back 
to  the  point  of  shutoff). 

The  determination  of  pressure  rise  in 
less  than  the  natural  period  of  the  line  is 
a  fairly  simple  matter,  but  for  slower  clo- 
sure, the  solution  is  a  long,  involved,  and 
arduous  task.  The  maximum  pressure 
may  occur  after  several  cycles,  and  since  it 
is  the  result  of  summations  of  reflections 
of  waves  from  the  partial  shutoff  in  pre- 
vious cycles,  there  is  no  short  cut,  the 
problem  must  be  carried  out  step  by  step. 

It  is  true  that  Allievi  {Theory  of  Water 
Hammer,  translated  by  E.  E.  Halmos, 
1925),  in  his  studies  of  water  hammer,  de- 
signed a  chart  for  solving  such  problems, 
but  interpolation,  usually  necessary,  is  diffi- 
cult, and  close  results  are  not  possible. 
Further,  in  a  paper  prepared  for  presenta- 
tion at  the  1927  meeting  of  the  A.S.M.E., 
Ray  S.  Quick  presented  a  chart  of  different 
design  which,  using  a  slightly  different  base 
form,  made  greater  accuracy  possible. 

However,  the  chart  presented  here, 
when  used  in  combination  with  the  ones 
preceding  and  following,  appears  to  be 
simpler  in  operation  and  more  accurate  in 
results  than  either  of  those  mentioned 
above.  Chart  37  having  given  the  value 
of  the   pressure  wave  velocity  in  a  line, 


Chart  39  then  gives  the  figure  for  the 
maximum  pressure  rise  possible  for  closure 
from  any  initial  velocity.  This  chart  now 
makes  possible  determination  of  the  pres- 
sure increase  with  shutoff  at  a  uniform 
but  slower  rate. 

Procedure.  Before  proceeding  to  the  use 
of  this  chart,  it  is  necessary  to  make  two 
very  simple  arithmetical  computations 
based  upon  the  results  obtained  from 
Charts  37  and  39.  First,  from  the  pres- 
sure wave  velocity  and  the  known  length 
of  pipe  line,  the  natural  period  of  the  pipe 
line  is  determined,  as  mentioned  in  con- 
nection with  Chart  39.  Then  the  given 
length  of  time  for  uniform  closure  is  re- 
duced from  actual  chronological  time  units 
to  number  of  pipe-line  cycles. 

Next,  the  ratio  of  maximum  pressure 
rise  (as  determined  by  Chart  39)  to  the 
initial  pressure  is  computed  as  a  decimal 
figure.  Then  the  problem  is  brought  to 
this  chart.  A  straight  line  is  established  by 
the  scale  points  corresponding  to  the  fig- 
ures computed  as  described  above,  on  the 
Deceleration  Time  and  Ratio  Maximum 
Pressure/Initial  Pressure  scales.  The  in- 
tersection of  the  prolongation  of  this  line 
with  the  third  scale,  at  the  left  of  the 
chart,  will  be  at  a  scale  value  representing 
the  Ratio  Total  Pressure /Initial  Pressure, 
which  is  the  ratio  of  the  maximum  pres- 
sure, including  superimposed  surge,  to  the 
initial  pressure. 

By  way  of  illustration,  but  omitting  pre- 
liminary computations,  the  maximum  pres- 


Surge-pressure   Rise 

sure  may  be  determined  for  a   situation  pressure  is  4.00,  and  a  line  is  fixed  through 

where  initial  pressure  is  equal  to  100  feet  this  scale  point  and  the  scale  point  for  10.0 

and  the  line  and  initial  velocity  are  such  cycles,  and  this  line,  prolonged,  intersects 

that   instantaneous   shutoff   would   give   a  the  third  scale  at  a  scale  value  of  1.224. 

pressure  rise  of  400  feet,  the  closure  time  The  maximum  pressure,  including  initial 

now  to  be  in  a  period  of  10  cycles.     The  pressure  and  superimposed  surge,  is  then 

ratio  of  maximum  pressure  rise  to  initial  1.224  X  100  (initial  pressure),  or  122.4  feet. 
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39.  Maximum  Surge-pressure  Rise 


Method  for  the  determination  of  the  magni- 
tude of  the  pressure  head  superimposed 
upon  normal  pressure  by  instantaneous 
shutoff  of  flow.  The  equation  upon  which 
the  chart  is  based  is  that  the  head  rise,  in 

feet,  is 

h0  =  aVo/g 

where  a  is  the  pressure  wave  velocity  in 
feet  per  second  (determined  by  Chart  37), 
V0  is  the  initial  velocity  of  water  flow  in 
the  line  in  feet  per  second,  and  g  is  gravi- 
tational acceleration,  here  taken  as  32.162 
feet  per  second  per  second. 

This  equation  and  chart  serve  for  solu- 
tion not  only  for  instantaneous  shutoff  of 
flow  but  for  any  equivalent  condition.  In 
any  line,  the  natural  period  of  the  line  will 
determine  the  conditions  equivalent  to  in- 
stantaneous shutoff.  Shutoff  in  any  length 
of  time  less  than  that  required  for  the  pres- 
sure wave  to  travel  to  the  inlet  and  back 
to  the  point  of  shutoff  will  be  equivalent 
to  instantaneous  closure.     With  pipe-line 


length  =  L  known  (in  feet)  and  the  wave 
velocity  a  determined  from  Chart  37  in 
feet  per  second,  the  natural  period  of  the 
line  will  be  2L/a  seconds. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  on  Velocity  Change  and  Surge 
Wave  Velocity  scales.  The  intersection  of 
this  line  with  the  Maximum  Surge  Pres- 
sure Rise  scale  will  be  at  the  scale  point 
for  such  rise,  measured  in  feet  of  water. 

By  way  of  illustration,  the  pressure  rise 
with  instantaneous  shutoff  of  a  flow  at  8.00 
feet  per  second  in  a  line  having  a  pressure 
wave  velocity  of  3,500  feet  per  second  is 
determined  by  a  line  through  8.00  on  the 
Velocity  Change  scale  and  3,500  on  the 
Surge  Wave  Velocity  scale.  The  intersec- 
tion of  this  line  with  the  Maximum  Surge 
Pressure  Rise  scale  is  at  the  scale  point  cor- 
responding to  870  feet  of  water  head  (com- 
puted value  870.6). 


96 


33S/1J-30NVH0  AJ.I0013A 


QV3H  U3XVM  JO  Id  -  3SIU  3B0SS3yd  33UHS  WflWIXVW 


03S/IJ-AII0On3A  3AVM  scans 


97 


40.  Pipe  or  Tank  Volume 


Method  for  the  determination  of  the  volume 
or  content  of  cylindrical  enclosures.  The 
scalings  are  based  upon  dimensions  in 
inches,  but  other  units  may  be  used  if  car- 
ried through  consistently.  However,  the 
reference  scale,  Gallons  per  Foot  of  Length, 
can  be  used  only  when  the  units  are  inches. 
This  scaling  is  handy  for  reference,  al- 
though it  is  not  carried  through  the  chart. 
The  mathematical  basis  for  the  chart  is 
obvious,  of  course,  in  that 


Area 


and 


tD2/4 


Volume  =  V  =  LA 
where  D  is  diameter  and  L  is  length.    Gal- 
lonage  per  foot  of  length  for  varying  di- 
ameter is  based  upon  231  cubic  inches  per 
gallon. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  for  the  known  values  on  the 
Diameter  and  Length  scales.  The  scale 
point    at    which    this    line    intersects    the 


Volume  scale  then  gives  that  value.  Where 
the  given  dimensions  fall  beyond  the  pri- 
mary scaling  limits,  they  should  be  multi- 
plied by  such  powers  of  10  as  will  bring 
them  within  those  limits.  Auxiliary  scal- 
ings appear  at  the  ends  of  the  Diameter 
and  Volume  scales  to  indicate  the  relative 
variation  between  these  variables.  The 
variation  with  Length  is,  obviously,  a  direct 
one. 

By  way  of  illustrating  use  of  the  chart, 
the  volume  is  determined  for  a  cylinder  of 
12.0-inch  diameter  and  30.0  inches  length, 
by  establishing  a  straight  line  through  12.0 
on  the  Diameter  scale  and  3.00  on  the 
Length  scale.  This  intersects  the  Volume 
scale  at  a  scale  point  corresponding  to  340 
cubic  inches.  Since  the  length  scaling 
used  was  one-tenth  of  the  true  length,  the 
actual  volume  will  be  ten  times  the  figure 
read,  or  3,400  (true  value  3,393).  If  of 
interest,  the  gallonage  per  foot  may  be  read 
opposite  12.0  on  the  Diameter  scale  as 
5.88  (true  value  5.875). 
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41.  Hydraulic-cylinder  Force. 


Method  for  the  determination  of  the  force 
resulting  from  pressure  in  a  cylinder 
against  a  piston.  The  total  force  is,  of 
course,  equal  to  the  pressure  times  the 
area,  and,  the  chart  being  scaled  upon  inch 
units,  pressures  are  in  pounds  per  square 
inch,  diameters  are  in  inches,  and  areas  in 
square  inches.  For  convenience,  the  Diam- 
eter scale  also  carries  a  scaling  to  indicate 
Gallons  per  Foot  Length. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  for  the  given  values  on  the 
Diameter  and  Pressure  scales.  The  scale 
point  at  which  this  line  intersects  the  Force 
scale  then  gives  that  value.  Where  the 
given  figures  fall  beyond  the  primary  scal- 
ing limits,  they  should  be  multiplied  by 


such  powers  of  10  as  will  bring  them  within 
those  limits.  Auxiliary  scalings  appear  at 
the  ends  of  the  Diameter  and  Force  scales 
to  indicate  the  relative  variations  between 
these  variables.  The  variation  with  Pres- 
sure is,  obviously,  a  direct  one. 

By  way  of  illustrating  use  of  the  chart, 
the  force  is  determined  for  a  ram  of  2.50- 
inch  diameter  under  800  pounds  per 
square  inch  pressure,  by  establishing  a 
straight  line  through  2.50  on  the  Diameter 
scale  and  800  on  the  Pressure  scale.  This 
intersects  the  Force  scale  at  a  point  corre- 
sponding to  3,930  pounds  (computed 
value  3,926.96).  If  of  interest,  the  gallon- 
age  per  foot  of  cylinder  length  may  be  read 
opposite  2.50  on  the  Diameter  scale  as 
0.255. 
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42.  Horizontal-tank  Content 


Method  for  the  determination  of  the  con- 
tent of  partially  filled,  horizontal,  cylindri- 
cal tanks  of  varying  diameters  and  with 
varying  depths  of  fill.  This  particular 
chart  gives  the  result  as  a  percentage  of  the 
volume  when  filled,  but,  in  combination 
with  Chart  40,  the  over-all  solution  in- 
volves but  one  simple  computation  aside 
from  the  use  of  the  charts. 

Charts  presenting  the  relationship  be- 
tween percentage  depth  and  percentage  fill 
are  not  commonly  available,  and  even 
when  they  can  be  used,  interpolation, 
necessary  more  often  than  not,  is  difficult 
by  reason  of  the  nonlinear  relationship. 
With  a  graphical  representation,  however, 
interpolation  is  an  easier  task.  But  where 
tables  or  charts  are  not  available,  the  next 
choice  is  the  use  of  tables  of  chords,  seg- 
ment areas,  etc.,  of  circles,  but  here  again 
interpolation  is  usually  necessary  in  each 
of  the  various  steps,  and  the  final  step  is 
the  multiplication  of  several  factors. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  by  the 
scale  points  for  the  known  values  on  the 
Tank  Diameter  and  Depth  Filled  scales. 
The  scale  points  at  which  this  line  inter- 
sects the  third  axis  are  then  the  values  for 
Per  Cent  of  Full  Depth  and  Per  Cent  of 
Full   Volume.     Having  used  Chart  40  to 


determine  the  full  volume,  determination 
of  the  partial  volume  is  then  a  mere  multi- 
plication. Where  the  given  values  fall  out- 
side the  scale  limits  of  the  chart,  the  true 
values  should  each  be  multiplied  by  such 
a  power  of  10.0  as  will  bring  figures  within 
the  scaling  ranges.  The  result,  however, 
will  be  the  direct  reading  on  the  central 
axis. 

To  achieve  a  greater  measure  of  accu- 
racy under  conditions  where  the  depth 
filled  is  more  than  50  per  cent,  it  is  sug- 
gested that  the  unfilled  portion  of  total 
depth  be  used,  which  brings  the  final  deter- 
mination into  a  portion  of  the  scale  that 
is  more  expanded.  The  true  percentage 
filled  is  then  the  difference  between  the 
observed  figure  and  100  per  cent. 

By  way  of  illustrating  the  use  of  the 
chart,  the  per  cent  of  full  volume  for  a  tank 
diameter  of  15  inches  filled  to  a  depth  of 
13  inches  is  determined  by  first  changing 
the  figures  to  cover  unfilled  depth,  i.e.,  2 
inches.  Then,  a  straight  line  through  the 
scale  points  of  15.0  on  the  Tank  Diameter 
scale  and  2.00  on  the  Depth  Filled  scale 
intersects  the  third  axis  at  points  giving 
13.3  as  the  Per  Cent  of  Full  Depth  and  8.0 
as  the  Per  Cent  of  Full  Volume.  The  ac- 
tual figures  then,  again  reversing,  are  86.7 
per  cent  of  full  depth  and  92.0  per  cent  of 
full  volume  (true  value  92.09). 
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43.  Cylindrical-tank  and  Pipe  Strength 


Method  for  the  determination  of  the  circum- 
ferential stress  in  the  shell  of  a  cylindrical 
tank  or  of  a  pipe  under  pressure,  or  know- 
ing that  factor,  it  provides  for  finding  the 
maximum  allowable  internal  pressure.  As 
a  matter  of  fact,  as  among  the  four  vari- 
ables relating  to  a  cylindrical-tank  shell  or 
pipe  wall,  i.e.,  internal  pressure,  limiting 
stress  in  the  shell,  internal  diameter,  and 
shell  thickness,  where  any  three  are  known 
or  fixed,  the  chart  serves  to  find  the  fourth. 
The  mathematical  expression  upon 
which  the  chart  is  based  is,  of  course,  the 
conventional  one,  wherein 

PD  =  2ST 
where  P  is  the  internal  pressure  in  pounds 
per  square  inch,  D  is  the  internal  diameter 
in  inches,  5  is  the  unit  stress  in  the  shell 
material  in  pounds  per  square  inch,  and  T 
is  the  shell  or  wall  thickness  in  inches.  A 
guide  diagram  on  the  chart  indicates  the 
manner  in  which  the  variables  are  related. 

Procedure.  By  way  of  further  clarifica- 
tion, it  may  be  explained  that  straight  lines 
through  (1)  proper  scale  points  for  Internal 
Pressure  and  Cylinder  Diameter  and  (2) 
proper  scale  points  for  Wall  Stress  and 
Wall  Thickness  will  both  intersect  the 
blank  axis  at  the  same  point,  if  the  values 
meet  the  requirements  of  the  equation. 
Thus,  to  use  the  chart,  knowing  any  three 
of  the  four  variables,  the  intersection  of 
the  one  straight  line,  either  (1)  or  (2),  that 
is  fixed  by  known  quantities  is  laid  out  to 
determine  the  intersection  with  the  cen- 
tral, blank  axis.  This  point  of  intersec- 
tion, together  with  the  scale  point  corre- 
104 


sponding  to  the  other  known  quantity,  de- 
termines a  second  straight  line,  whose  in- 
tersection with  the  last  scale  gives  the  scale 
value  for  the  fourth  quantity  that  will 
satisfy  the  equation. 

By  way  of  illustrating  the  use  of  the 
chart,  assume  a  cylinder  of  8.00-inch  inter- 
nal diameter,  with  an  internal  pressure  of 
300  pounds  per  square  inch,  the  limiting 
value  of  stress  in  the  shell  being  2,000 
pounds  per  square  inch.  First,  a  line  is 
established  through  the  scale  points  of  300 
on  the  Internal  Pressure  scale  and  8.00  on 
the  Cylinder  Diameter  scale,  and  the  inter- 
section of  this  line  with  the  central,  blank 
axis  is  noted.  A  second  line  is  then  estab- 
lished through  this  point  and  the  scale 
point  for  2,000  on  the  Wall  Stress  scale, 
and  the  intersection  of  this  line  with  the 
Wall  Thickness  scale  is  noted  at  a  scale 
point  of  0.600  inch  (true  computed  value 
0.596). 

To  illustrate  further,  assume  a  cylinder 
of  0.75-inch  wall  thickness,  with  limiting 
stress  set  as  10,000  pounds  per  square  inch, 
the  diameter  being  50.0  inches,  the  prob- 
lem being  to  determine  the  limiting  inter- 
nal pressure.  In  this  case,  it  is  the  group 
(2),  Wall  Stress  and  Wall  Thickness,  being 
known,  that  determine  the  first  straight 
line,  set  by  the  scale  points  for  those  two 
factors,  and  fix  an  intercept  on  the  blank 
axis.  A  second  line  through  this  intercept 
point  and  the  scale  point  for  the  third 
known  value,  Cylinder  Diameter,  is  then 
established,  and  its  intercept  on  the  last 
scale,  Internal  Pressure,  is  read  as  305,  ap- 
proximately (computed  value  300). 
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44.  Jet  Diameter  and  Theoreticql  Water 
Horsepower 


Method  for  the  determination  of  any  two  of 

the  variables  of  water  quantity,  net  head 
(pressure)  at  the  jet  orifice,  jet  diameter, 
and  theoretical  water  horsepower,  where 
the  other  two  are  known.  Without  going 
into  the  derivation  of  the  formulas  in- 
volved, it  may  be  stated  that  the  two  basic 
equations  are 


WHP 


QH 


and 


D  = 


H.mWHP0 


8.81  H076 

where  WHP  is  the  theoretical  water  horse- 
power of  the  jet,  Q  is  the  water  quantity 
in  cubic  feet  per  second,  H  is  the  net  effec- 
tive head  in  feet,  and  D  is  the  jet  diameter 
in  inches. 

Procedure.  In  using  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  the 
known  values  of  any  two  of  the  variables, 
upon  which  the  scale  values  for  the  other 
two  may  be  read  directly.     Any  two  may 


be  known  and  thereby  establish  the  line 
which  determines  the  values  of  the  other 
two. 

By  way  of  illustration,  assume  a  3.00- 
inch  jet  diameter  under  a  net  effective  head 
of  100  feet.  A  line  through  the  scale  points 
corresponding  to  these  two  values  inter- 
sects the  other  scales  at  scale  points  indi- 
cating a  discharge  of  3.68  cubic  feet  per 
second  (true  value  3.66)  and  an  output  of 
42.0  theoretical  water  horsepower  (true 
value  41.64). 

Using  the  chart  in  another  way,  assume 
a  water  quantity  of  2.00  cubic  feet  per 
second  under  a  head  of  150  feet.  The 
scale  points  corresponding  to  these  values 
establish  a  line  which  intersects  the  other 
scales  at  scale  points  indicating  2.00  as  the 
jet  diameter  (true  value),  and  34.1  as  the 
theoretical  horsepower  developed  (true 
value  34.0). 
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45.  Pump  Size  and  Horsepower 


Method  for  the  determination  of  preliminary 
values  for  pump  size  and  power  require- 
ments. This  chart  is  not,  by  any  means, 
offered  as  an  exact  determination  in  either 
regard,  since  each  manufacturer  has  his 
own  design  standards,  wherein  he  balances 
many  factors  which  have  a  bearing  upon 
the  size  of  connections  and  upon  efficiency 
and,  thereby,  drive  horsepower.  However, 
the  experience  of  this  writer  indicates  that 
this  chart  will  in  almost  every  case  ap- 
proach a  median  of  the  offerings  of  many 
manufacturers,  and  it  has  been  useful  in 
laying  out  preliminary  plans. 

Procedure.     No  pretense  is  made  for  hav- 
ing  any    definite    mathematical    basis    for 


the  chart,  but,  as  stated  above,  it  provides 
a  close  approach  to  the  median  figures  of 
many  manufacturers.  So  without  further 
discussion,  it  is  stated  that  the  use  of  the 
chart  consists  only  in  establishing  a  straight 
line  through  scale  points  corresponding  to 
the  fixed  values  for  Discharge  (cubic  feet 
per  second  or  gallons  per  minute)  and 
Total  Head  in  feet.  The  intercepts  of  this 
line  on  the  Pump  Size  (discharge  diameter 
in  inches)  and  Motor  Horsepower  scales 
will  then  give  reasonable  approximations 
of  these  quantities  for  preliminary  pur- 
poses. The  scale  value  for  Water  Horse- 
power will  be  correct  within  the  limita- 
tions of  this  type  of  computation. 
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46.  Hydraulic-turbine  Specific  Speed 


Method  for  the  determination  of  this  basic 
characteristic  for  turbines  of  any  of  the 
general  types  and  for  a  wide  range  in  the 
variables.  However,  a  departure  from 
usual  practice  is  made  here.  It  has  long 
appeared  to  this  author  that  a  true  specific 
speed,  or  runner  characteristic,  must  be 
based  upon  the  water  horsepower,  rather 
than  shaft  output,  because  specific  speed 
is  a  hydraulic  rather  than  a  mechanical 
characteristic. 

The  formula  upon  which  the  chart  is 
based  is  the  usual  one,  where  specific  speed 
in  English  units  is 

No  =  NP°-5/HU25 
where  N  is  the  rotational  speed  in  revolu- 
tions per  minute,  P  is  the  horsepower,  in 
this  case  being  water  horsepower,  and  H  is 
the  net  effective  head  in  feet.  But  since 
P  =  QH/S.81,  where  Q  is  the  water  quan- 
tity in  cubic  feet  per  second,  the  first  equa- 
tion is  reduced  to 

N0  =  NQ05/2.96SH0-75 


and  it  is  this  form  that  is  used  as  the  basis 
for  the  chart. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 
for  the  known  values  on  the  Speed  and 
Head  scales,  and  the  intercept  of  this  line 
is  noted  on  the  blank  axis.  A  second  line  is 
then  established  through  this  point  and  the 
correct  scale  point  on  the  Water  Quantity 
scale,  and  the  intercept  of  this  line  with  the 
Specific  Speed  scale  will  be  at  the  scale  point 
corresponding  to  the  desired  figure. 

By  way  of  illustration,  the  specific  speed 
of  a  turbine  operating  under  a  20.0-foot 
head  at  1,000  revolutions  per  minute,  with 
a  flow  of  16.0  cubic  feet  per  second,  may  be 
determined.  First,  a  line  is  fixed  by  the 
scale  points  of  20.0  on  the  Head  scale  and 
1,000  on  the  Speed  scale,  and  its  intercept 
on  the  blank  axis  is  noted.  Then  a  line 
through  this  point  and  the  scale  point  for 
16.0  on  the  Water  Quantity  scale  intersects 
the  Specific  Speed  scale  at  a  scale  point  of 
142  (computed  value  142.4). 
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47.  Hydraulic-turbine  Speed 


Method  for  the  determination  of  preliminary 
values  for  the  speed  of  the  reaction  (Francis) 
type  of  hydraulic  turbine.  This  chart  is 
not,  by  any  means,  offered  as  an  exact  de- 
termination, since  each  manufacturer  has 
his  own  design  standards  and  these  vary. 
In  addition,  conditions  of  any  particular  in- 
stallation may  dictate  departures  from  the 
optimum.  However,  the  experience  of  this 
writer  indicates  that  this  chart,  in  almost 
every  case,  will  approach  a  median  of  the 
specifications  of  various  manufacturers. 
Thus,  it  has  proved  useful  in  the  laying  out 
of  preliminary  plans  where  exact  design- 
ing is  not  required. 

What  has  just  been  said  regarding  ac- 
curacy does  not  mean  that  the  chart  is  un- 
reliable, by  any  means.  Several  other  charts 
for  this  same  purpose  have  been  seen  by 
this  author,  and  the  results  determined 
from  them  have  been  compared  with  this 


one  for  the  actual  design  conditions  for  a 
total  of  43  specially  built  turbines  of  differ- 
ent manufacturers.  This  chart  gave  a  speed 
value  within  15  per  cent  of  the  actual  speed 
in  27  cases  of  the  43,  whereas  the  three  other 
charts  so  checked  came  within  that  limit  in 
only  17,  20,  and  18  cases,  respectively. 
Further,  this  chart  came  within  5  per  cent 
of  the  true  value  in  12  cases,  whereas  for 
the  others  the  numbers  were  9,  7,  and  10, 
respectively. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  the  fixed 
values  of  Head  and  Shaft  Horsepower  on 
their  respective  scales.  Then,  at  the  scale 
point  of  the  intersection  of  this  line  with 
the  central  Speed  scale  is  read  the  desired 
value. 
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48.  Hydraulic-turbine  Inlet  Diameter 


Method  for  the  determination  of  preliminary 
values  for  the  inlet  size  of  the  reaction 
(Francis)  type  of  hydraulic  turbine.  This 
chart  is  not,  by  any  means,  offered  as  an 
exact  determination,  since  each  manufac- 
turer has  his  own  design  standards  and  these 
vary.  In  addition,  conditions  of  any  par- 
ticular installation  may  dictate  departures 
from  the  optimum.  However,  the  expe- 
rience of  this  writer  indicates  that  this 
chart,  in  almost  every  case,  will  approach 
a  median  of  the  specifications  of  various 
manufacturers.  Thus,  it  has  proved  use- 
ful in  the  laying  out  of  preliminary  plans 
where  exact  designing  is  not  required. 

What  has  just  been  said  regarding  ac- 
curacy does  not  mean  that  the  chart  is  un- 
reliable, by  any  means.  Other  charts  for 
this  same  purpose  have  been  seen  by  this 
author,  and  the  results  obtained  from  them 
have  been  compared  with  this  one  for  the 
actual  design  conditions  for  a  series  of  30 


specially  built  turbines.  This  chart  gave 
figures  that  were  within  15  per  cent  of  the 
actual  design  figures  in  23  of  the  cases,  and 
within  5  per  cent  in  13  cases.  The  other 
charts  achieved  such  approaches  in  less  than 
two-thirds  as  many  cases. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  the  fixed 
values  of  Shaft  Horsepower  and  Head  on 
their  respective  scales.  Then,  at  the  scale 
point  of  the  intersection  of  this  line  with 
the  central  Turbine  Inlet  Diameter  scale 
is  read  the  desired  value.  It  should  be 
noted  that  the  Horsepower  axis  is  double- 
scaled,  with  scalings  A  and  B,  and  which- 
ever one  is  used  for  the  horsepower  value, 
the  inlet  size  should  be  read  on  the  inlet 
scale  of  like  designation.  Thus,  for  power 
values  on  the  A  scale,  inlet  size  is  read  on 
the  A  scale,  and  similarly,  B  is  used  with  B. 
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49.  Hydraulic-turbine  Runner  Diameter 


Method  for  the  determination  of  preliminary 
values  for  the  runner  size  of  the  reaction 
(Francis)  type  of  hydraulic  turbine.  This 
chart  is  not,  by  any  means,  offered  as  an 
exact  determination,  since  each  manufac- 
turer has  his  own  design  standards  and 
these  vary.  In  addition,  conditions  of  any 
particular  installation  may  dictate  depar- 
tures from  the  optimum.  However,  the  ex- 
perience of  this  writer  indicates  that  this 
chart,  in  almost  every  case,  will  approach 
the  median  of  the  specifications  of  various 
manufacturers.  Thus,  it  has  proved  useful 
in  the  laying  out  of  preliminary  plans 
where  exact  designing  is  not  required. 

What  has  just  been  said  regarding  ac- 
curacy does  not  mean  that  the  chart  is  un- 
reliable, by  any  means.  Other  charts  for 
this  same  purpose  have  been  seen  by  this 


author,  and  the  results  determined  from 
them  have  been  compared  with  this  one  for 
the  actual  design  conditions  for  a  total  of 
43  specially  built  turbines.  This  chart  gave 
figures  for  the  runner  diameter  within  15 
per  cent  of  the  actual  design  in  all  43  cases 
and  within  2  per  cent  in  23  cases.  The  best 
of  the  other  charts  came  within  15  per  cent 
in  only  18  cases  and  within  5  per  cent  in 
only  8. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  the  fixed 
values  of  Head  and  Speed  on  their  respec- 
tive scales.  Then,  at  the  scale  point  of  the 
intersection  of  this  line  with  the  central 
Runner  Diameter  scale  is  read  the  desired 
value. 
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50.  Rainfall  Intensity 


Method  for  estimating  the  maximum  ex- 
pected rainfall  intensity  over  various  length 
intervals  and  for  different  localities.  Of 
course,  any  really  close  predictions  are  pos- 
sible only  after  study  of  records  over  many 
years  in  the  particular  locality  under  con- 
sideration. However,  where  such  records 
are  not  available,  this  chart  will  provide  a 
reasonable  basis  for  the  design  of  drainage 
works. 

The  equation  upon  which  the  chart  is 
based  is  not  one  of  the  better-known  ones; 
rather  the  chart  is  based  upon  studies  of 
the  formulas  in  use  in  various  places.  It 
was  found  that  many  cities  use  the  expres- 
sion that  rainfall  intensity,  in  inches  per 
hour,  is 

/  =  C/T0-5 

where  C  is  an  arbitrary  constant  found  ap- 
plicable to  the  particular  location  and  T  is 
the  length  of  the  time  interval,  in  minutes, 
over  which  the  average  intensity  will  con- 
tinue. A  correlation  was  found  between 
the  arbitrary  constant  and  the  average  an- 
nual rainfall  in  the  location,  and  using  R 
as  the  value  of  the  mean  annual  rainfall  in 
inches,  the  equation 

/  =  0.3R/T05 

was  found  to  fit  fairly  closely  the  various 
individual  formulas. 

Accordingly,  the  chart  was  set  up  on  this 
basis.     However,  lack  of  adequate  record 


data  from  desert  areas  subject  to  flash  storms 
of  great  intensity  prompts  the  suggestion 
that  for  such  areas  the  chart  cannot  be  taken 
as  more  than  an  indication.  There  are 
likely  to  be  other  localities  where  condi- 
tions may  bring  about  intensities  that  do 
not  follow  any  of  the  usual  mathematical 
expressions,  and  there,  too,  the  results  of 
the  chart  cannot  be  given  too  much  weight. 
One  other  thing  should  be  pointed  out 
in  connection  with  the  chart.  It  is  intended 
to  apply  only  to  normal  storm  intensities, 
where  an  occasional  lack  of  capacity  in 
drainage  works  is  of  little  importance.  If, 
on  the  other  hand,  the  exceptional  storm 
that  brings  greater  intensities  can  cause 
damage  of  consequence,  allowance  must  be 
made  for  the  storm  of  such  intensity  as  may 
occur  once  in  100,  1,000,  or  10,000  years. 
Various  authorities  have  set  up  bases  for 
such  allowance,  but  multiplying  the  result 
from  this  chart  by  the  sixth  root  of  the 
period  in  years  will  give  close  agreement 
with  other  methods  of  making  this  allow- 


Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  the  given 
values  of  Period  of  Rainfall  Concentration 
and  Mean  Annual  Rainfall  on  their  respec- 
tive scales.  Then,  at  the  scale  point  of  the 
intersection  of  this  line  with  the  central 
Rainfall  Intensity  scale  is  read  the  desired 
value. 
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51.  Rainfall  Runoff 


Method  for  estimating  storm  runoff,  in  order 
to  establish  a  basis  for  the  design  of  drain- 
age works.  It  is  based  upon  the  widely 
used  Burkli-Ziegeler  formula,  wherein  the 
runoff  flow,  from  a  given  area,  in  cubic  feet 
per  second  is 

Q  =  A°-75S°-25CR 
where  A  is  the  drainage  area  in  acres,  S  is 
the  average  slope  to  the  outlet  in  feet  per 
thousand,  C  is  a  coefficient  establishing  the 
ratio  between  runoff  and  total  precipita- 
tion, and  R  is  the  rainfall  intensity  in  inches 
per  hour. 

Procedure.  A  key  diagram  appears  on  the 
chart  to  indicate  the  sequence  of  operations 
in  reaching  the  solution  of  a  problem. 
Straight  lines  are  established  successively 
by  scale  points,  and  these  lines  intersect 
other  scales  to  establish  bases  for  later  lines 
or  the  final  result.  First,  a  line  is  set  up 
through  the  scale  points  for  the  given 
values  of  Runoff  Area  and  Slope,  on  their 
respective  scales,  and  the  intersection  of  this 
line  with  the  left-hand  blank  axis  is  noted. 


A  second  line  is  then  established  from  this 
point  to  the  selected  value  of  Runoff  co- 
efficient on  that  scale,  and  the  intersection 
of  this  line  with  the  right-hand  blank  axis 
is  noted.  Then,  a  third  line  from  this 
latter  point  to  the  assumed  value  of  Rain- 
fall Intensity  on  its  scale  will  intersect  the 
Runoff  Quantity  scale  at  the  scale  value 
which  is  the  solution  of  the  equation. 

By  way  of  illustration,  assume  a  runoff 
area  of  100  acres  of  an  average  slope  of  50 
feet  per  1,000  feet,  with  a  runoff  coefficient 
of  0.30  under  a  rainfall  intensity  of  1.0 
inch  per  hour.  First  a  line  through  the 
scale  points  for  100  on  the  Area  scale  and 
50.0  on  the  Slope  scale  sets  a  point  on  the 
left-hand  blank  axis.  A  second  line  through 
this  point  and  the  scale  point  for  0.30  on 
the  Coefficient  scale  fixes  a  point  on  the 
right-hand  blank  axis.  Third,  a  line  from 
this  point  to  the  scale  point  for  1.00  on  the 
Intensity  scale  intersects  the  Runoff  Quan- 
tity scale  at  a  scale  point  indicating  25.0 
cubic  feet  per  second  (computed  result 
25.23). 
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Group  IV 
MECHANICS  CHARTS 


This  group  of  charts  is  intended  to  cover 
a  field  of  frequently  recurring  problems  in 
machine  design  and  simple  structural  de- 
sign. The  more  involved  problems  of 
structures  are  generally  solved  by  use  of 
much  more  complex  units  than  those  in- 
cluded in  the  scope  of  these  charts.  But 
for  analysis  or  design  of  such  items  as  con- 
necting links  under  compression  (columns), 
machine-base  frames,  or  other  more  or  less 
simple  beams,  and  other  machine  parts,  this 
group  of  charts  has  proved  to  be  of  enor- 
mous advantage  in  saving  both  time  and 
effort. 

There  is  one  chart  covering  columns 
within  the  range  of  compression  members 
commonly  found  in  mechanical  design.  It 
covers  various  types  of  end  connections  and 
different  materials,  as  well  as  various  com- 
mon cross  sections.  Two  charts  have  to  do 
with  beams,  as  to  stresses  and  moments. 
They  cover  only  a  small  part  of  the  field  of 
beams  but  do  cover  the  part  that  brings  the 
most  frequent  problems. 


Two  charts  for  helical  springs,  compres- 
sion or  tension,  are  included,  each  of  them 
based  upon  a  different  approach  to  the 
problem,  as  dictated  by  the  conditions  ob- 
taining. There  are  three  charts  having  to 
do  with  belting  one  for  determination  of 
exact  length  and  two  for  determining  ca- 
pacity or  cross  section,  depending  upon  the 
approach  to  the  problem.  Then  there  is  a 
chart  covering  a  wide  range  of  problems 
having  to  do  with  centrifugal  force,  in  such 
form  as  to  be  useful  in  design  of  fasten- 
ings or  supports  for  rotating  parts. 

Finally,  there  is  included  with  this  group 
a  chart  having  to  do  with  driven  piling. 
True,  this  is  only  tenuously  related  to 
mechanics,  but  it  is  with  this  group  because 
it  has  even  less  connection  with  any  of  the 
other  groups. 

Each  of  the  charts  is  accompanied  by  ex- 
planatory text,  and,  in  most  cases,  there  is  a 
key  diagram  showing  operation  of  the 
chart,  to  save  reference  to  the  text  every 
time  the  chart  is  used. 
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Charts  in  Group  IV 

52.  Column  Loading 

53.  Maximum  Beam  Moment 

54.  Beam  Stress 

55.  Compression  Springs  (I) 

56.  Compression  Springs  (II) 

57.  Belt  Width  (Light  Loading) 

58.  Belt  Design 

59.  Belt  Length 

60.  Torsional  Moment 

61.  Torsional  Stress 

62.  Centrifugal  Force 

63.  Pile  Loading 
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52.  Column  Loading 


Method  for  the  solution  of  many  of  the  prob- 
lems involving  simple  columns,  struts, 
links,  etc.,  in  compressive  loading,  that  face 
the  engineer  in  fields  other  than  those 
where,  columns  being  of  primary  impor- 
tance, more  complex  forms  may  be  dictated. 
The  chart  is  based  upon  the  Rankine  for- 
mula, applying  to  columns  having  a  slen- 
derness  ratio  (l/r)  of  20  to  120,  the  ratio  be- 
tween column  length  and  the  radius  of  gy- 
ration of  the  section. 

The  formula  is  widely  used,  but  because 
of  the  form  and  the  work  involved  in  its 
solution,  simpler  formulas  may  often  be 
more  attractive.  However,  with  this  chart, 
the  advantages  of  this  formula  may  be  had 
without  the  tedious  computations  being 
necessary.    The  formula  is 

SA 


1  +  K(l2/r2) 
or,  as  really  represented  in  the  chart 


S  1  +  K(l2/r2) 
where  P  is  the  load  on  the  column  in 
pounds,  S  is  the  maximum  stress  in  the 
column  in  pounds  per  square  inch,  A  is 
the  cross-sectional  area  of  the  column  in 
square  inches,  K  is  a  coefficient  depending 
upon  column  material  and  conditions  of 
end  supports,  I  is  the  column  length,  and  r 
is  the  radius  of  gyration  of  the  cross-sec- 
tional area,  the  two  latter  being  in  the  same 


Procedure.     The  chart  is  essentially  in 
three    sections.      At    the    rioht-hand    side 


there  is  an  intersection-type-nomograph  sec- 
tion which  evaluates  the  terms  having  to 
do  with  column  length,  material,  and  man- 
ner of  supporting  the  ends.  In  using  the 
chart,  an  intersection  is  determined  where 
the  curved  line  for  the  given  material  and 
end-support  condition  intersects  the  verti- 
cal line  corresponding  to  column  length. 

This  vertical  intercept  is  then  carried 
horizontally  across  to  the  left-hand  edge  of 
this  portion  of  the  chart,  which  is  one  of 
the  axes  of  the  second  section,  an  alignment 
nomograph.  A  straight  line  is  established 
by  this  scale  point  through  the  scale  point 
corresponding  to  the  given  conditions  for 
column  section,  in  the  family  of  sloping 
lines  and  curves  on  the  left-hand  side  of  the 
chart.  The  upper  scaling  on  the  upper 
sloping  line  is  for  square  sections,  while 
the  curves  denote  round  sections,  either 
solids  or  standard-weight  or  extra-heavy 
pipe.  The  line  so  established  is  carried 
over  to  the  blank  axis,  and  its  intersection 
noted  there. 

The  third  section  of  the  chart  then  con- 
sists of  this  scale  and  Load  and  Stress  scales. 
To  determine  the  unit  stress,  a  straight  line 
is  established  through  the  scale  point  for 
the  total  Load  and  the  intersection  previ- 
ously noted  on  the  blank  axis.  Then  the 
unit  Stress  is  read  at  the  intersection  of  this 
line  with  the  scale  so  designated. 

To  illustrate  use  of  the  chart,  a  solution 
will  be  carried  out  for  a  column  of  4-inch 
extra-heavy  steel  pipe,  with  one  end  fixed 
and  the  other  free,  under  a  loading  of  10,- 
000  pounds.  First,  in  the  right-hand  sec- 
tion of  the  chart,  the  intersection  is  deter- 
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Column   Loading 

mined  for  the  vertical  line  of  10-foot  Length  sloping  line  for  Extra  Heavy  Pipe,  and  its 

with  the  curve  for  Ends  Fixed  &  Free— Steel.  intersection  with  the  blank  axis  is  noted. 

This  intercept  is  then  carried  horizontally  Then  a  line  established  by  this  point  and 

to  the  left-hand  edge  of  this  section.  the   scale   point   for    10,000   pounds  Load 

Then  from  this  point  a  line  is  projected  intersects  the  Stress  scale  at  a  scale  point 

through  the  intersection  of  the  curve  for  indicating  11,800  pounds  per  square  inch 

Nominal  Diameter  of  4,   with   the  inner  (computed  value  11,863). 
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53.  Maximum  Beam  Moment 


Method  for  the  determination  of  the  maxi- 
mum-moment value  in  beams  under  vari- 
ous types  and  magnitudes  of  loadings  and 
with  various  spans.  The  chart  is  based 
upon  the  conventional  formula,  wherein 
the  maximum  moment  is  equal  to  the  prod- 
uct of  total  load  and  span  length,  together 
with  a  factor  varying  with  the  condition  of 
support  and  loading. 

In  the  chart,  the  conditions  of  support 
and  loading  are  indicated  on  the  appropri- 
ate scale  by  diagrams,  which,  it  is  hoped, 
may  be  self-explanatory.  However,  for 
further  clarification,  a  few  words  might  be 
in  order.  Uniform  loading  throughout  the 
length  of  the  beam  is  indicated  by  a  series 
of  uniformly  spaced  load  arrows.  Concen- 
trated loads  are  represented  by  a  single  ar- 
row at  the  point  of  loading,  center  or  end, 
as  the  case  may  be.  Simple  unfixed  sup- 
ports are  represented  by  arrows  pointing 
upward,  while  fixed  cantilever  supports  are 
represented  by  a  continuation  of  the  beam 
line  through  an  end  line.  In  each  case,  the 
diagram  is  related  to  a  scale  point  on  this 
axis  corresponding  to  the  value  of  the  co- 
efficient applying  in  the  particular  case. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 


for  the  Total  Load  and  Beam  Span,  and  the 
intersection  of  this  line  with  the  blank  axis 
is  noted.  Then,  a  second  straight  line  is 
established  from  this  latter  point  to  the  scale 
point  corresponding  to  the  given  condi- 
tions of  loading  and  support.  The  inter- 
section of  the  latter  line  with  the  Moment 
scale  then  gives  the  value  of  the  maximum 
moment.  This  figure  may  be  taken  in  foot- 
pounds or  inch-pounds,  as  desired,  but  the 
original  values  must  be  in  the  units  as  noted 
on  the  original  scales. 

By  way  of  illustrating  use  of  the  chart, 
assume  a  uniformly  loaded  beam,  sup- 
ported by  simple  uplift  between  supports 
70  inches  apart,  the  total  load  being  4,000 
pounds.  First,  a  straight  line  is  established 
through  the  scale  points  for  70  on  the  Beam 
Span  scale  and  4,000  on  the  Beam  Load 
scale,  and  the  intersection  of  this  line  is 
noted  on  the  blank  axis. 

Then,  a  second  straight  line  is  estab- 
lished through  this  point  and  the  scale  point 
corresponding  to  simple-support,  uniformly 
loaded  beams,  the  fifth  diagram  from  the 
top  (with  a  coefficient  of  0.125).  This 
newly  established  line  intersects  the  Mo- 
ment scale  at  a  scale  value  indicating  the 
moment  as  35,000  inch-pounds  (identical 
with  numerical  calculation). 
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54.  Beam  Stress 


Method  for  determining  the  relationship  be- 
tween stress,  moment,  and  section  modulus 
of  simple  beams  in  problems  that  fre- 
quently face  the  engineer  in  fields  outside 
the  purely  structural  field.  In  combina- 
tion with  the  preceding  chart,  it  is  possible 
to  work  out  the  complete  solution  of  many 
problems  in  simple  beams.  Chart  21, 
covering  determinations  of  section  moduli, 
will  also  find  use  with  these  two  in  such 
problems. 

The  chart  is  based  upon  the  conventional 
formula  for  the  relationship,  which  is 

M/S  =  I/c 

where  M  is  the  moment  in  inch-pounds  at 
the  section  in  question,  S  is  the  maximum 
unit  stress  in  the  section,  being  at  the  ex- 
treme outer  fibers,  and  I/c  is  the  section 
modulus  of  the  section,  in  inches  cubed 


(equal  to  the  section  moment  of  inertia  di- 
vided by  the  distance  from  neutral  axis  to 
outer  fibers  of  the  section). 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  for  any  two  of  the  scale 
quantities  Stress,  Moment,  and  Section 
Modulus,  whereupon  the  third  term  is  read 
at  the  scale  point  on  that  third  axis  where 
it  is  intersected  by  the  line  so  established. 

By  way  of  illustration,  assume  a  limiting 
stress  of  2,000  pounds  per  square  inch  in  a 
beam  at  a  section  where  the  moment  is  250,- 
000  inch-pounds.  A  line  through  the  scale 
point  of  2,000  on  the  Stress  scale  and  250,- 
000  on  the  inch-pound  scaling  on  the  Mo- 
ment scale,  when  projected,  intersects  the 
Section  Modulus  scale  at  a  scale  value  of 
125  inches  cubed  (the  true  value). 


132 


O    0>     <D      I--       (D 

.•M-smnaow  noikhs 


S91-H0NI-lN3W0k\ 


5-  9- 

I I     ,      I 


133 


55.  Compression  Springs  (I) 


Method  for  the  determination  of  the  char- 
acteristics of  helical  springs  in  either  ten- 
sion or  compression.  It  will  serve  to  arrive 
at  designs  of  springs  in  many  of  the  prob- 
lems confronting  an  engineer.  Naturally, 
in  any  case  where  designs  must  be  to  very 
close  limits,  or  where  large  quantities  may 
dictate  designs  to  use  the  absolute  mini- 
mum of  material,  the  spring  manufacturer 
should  be  called  upon  for  design. 

The  formula  upon  which  the  chart  is 
based  is  the  conventional  one,  where  the 
maximum  safe  load  is 

P  =  irD3S/8d 
where  D  is  the  diameter  of  the  wire  used  in 
the  spring,  in  inches,  S  is  the  maximum  al- 
lowable stress  in  pounds  per  square  inch, 
and  d  is  the  mean  diameter  of  the  spring 
helix.  Obviously,  the  stress  limit  can  vary 
greatly,  and  in  addition  to  variations  with 
wire  size  and  heat-treating,  there  is  a  rather 
wide  variation  in  the  recommendations  as 
given  by  various  manufacturers. 


Procedure.  The  chart  has  been  designed 
to  take  into  consideration  the  average  vari- 
ation in  stress  limit,  and  results  give  a  rea- 
sonable mean  of  the  recommendations  of 
various  manufacturers.  To  use  the  chart, 
a  straight  line  is  established  through  the 
scale  points  corresponding  to  known  or  as- 
sumed values  of  any  two  of  the  three  quan- 
tities Wire  Diameter,  Mean  Coil  Diameter, 
and  Safe  Load.  The  third  figure  is  then 
read  as  the  scale  value  at  the  intersection  of 
this  straight  line  with  the  third  scale. 

For  instance,  the  safe  load  on  a  spring 
made  of  No.  9  wire  (0.1483-inch  diameter) 
with  a  mean  coil  diameter  of  2.0  inches  is 
determined  by  a  straight  line  through 
0.1483  on  the  Wire  Diameter  scale  and  2.00 
on  the  Mean  Coil  Diameter  scale.  This 
line  intersects  the  Safe  Load  scale  at  a  scale 
value  of  58  pounds.  A  chart  furnished  by 
one  of  the  leading  spring  manufacturers 
gives  the  safe  load  on  such  a  spring  as  64 
pounds,  but  another  shows  only  39. 
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56.  Compression  Springs  (II) 


Method  for  the  design  of  helical  springs, 
both  compression  and  tension,  in  a  class  of 
problems  frequently  met  by  the  engineer. 
This  chart  is  based  upon  the  formula  given 
in  the  discussion  accompanying  the  preced- 
ing chart,  with  the  same  assumptions  as  to 
variation  of  limiting  stresses.  However, 
the  chart  design  and  scaling  are  arranged  to 
use  inside  or  outside  diameter  of  the  helical 
spring,  rather  than  the  mean  diameter. 
This  has  been  found  convenient  in  the  de- 
sign of  springs  to  fit  inside  a  cylindrical 
bore,  limiting  outside  diameter,  or  over  a 
spindle  or  pin,  fixing  or  limiting  the  inside 
diameter. 


Procedure.  To  use  this  chart,  a  straight 
line  is  established  between  the  scale  points 
corresponding  to  Coil  Diameter  and  Load. 
The  intersection  of  this  line  then  gives,  at 
the  scale  point  on  one  of  the  sloping  lines, 
the  (round)  wire  size  required  for  the 
spring.  If  the  diameter  figure  used  was 
outside  diameter,  the  intersection  is  noted 
on  upper  line,  so  marked.  On  the  other 
hand,  if  inside  diameter  was  used,  the  scale 
value  is  read  at  the  intersection  with  the 
lower  line,  also  so  indicated. 
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57.  Belt  Width  (Light  Loading). 


Method  for  the  determination  of  the  required 
width  of  leather  belting  to  transmit  power 
under  certain  conditions,  with  varying 
power,  speed,  and  pulley  diameter.  This 
chart,  the  first  of  two  having  to  do  with 
the  same  subject,  should  not  be  used  where 
belt  speeds  much  exceed  2,000  feet  per  min- 
ute, where  angle  of  arc  of  contact  deviates 
much  from  180°,  or  in  drives  of  such  size 
as  to  make  close  design  of  economic  im- 
portance. 

The  chart  is  based  upon  a  relationship 
that  is  a  compromise  between  various 
charts,  tables,  and  special  slide  rules,  dis- 
tributed by  manufacturers  of  power-trans- 
mission equipment,  and  gives  belt  width  in 
inches  (for  a  single  belt)  as 

W  =  3,000  Hp/ZW 

where  Hp  is  the  horsepower  to  be  trans- 
mitted, D  is  the  pulley  diameter  in  inches, 
and  N  is  the  speed  of  the  smaller  pulley  in 
revolutions  per  minute.  One  portion  of 
the  chart  also  gives  a  determination  of  belt 
speed  in  feet  per  minute  corresponding  to 
V  =  ttDN/12,  or  0.26 18D2V. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 
corresponding  to  the  given  values  on  the 
Pulley  Diameter  and  Revolutions  per  Min- 
ute scales,  and  the  scale  point  is  noted  on 
the  Belt  Velocity  scale  where  this  line  inter- 


sects. A  second  line  is  established  through 
this  point  and  the  scale  point  for  the  Horse- 
power, and  the  required  Belt  Width  is  read 
as  the  scale  point  where  the  line  intersects 
this  scale,  which  is  scaled  double,  for  single 
belts  on  one  side  and  for  double  belts  on 
the  other.  It  may  be  noted  that  the  double- 
belt  scaling  is  two-thirds  that  of  the  single- 
belt  figures,  corresponding  to  a  constant 
factor  of  2,000  instead  of  3,000  in  the  origi- 
nal equation. 

Use  of  the  chart  is  illustrated  by  deter- 
mining the  required  belt  width  for  a  drive 
to  carry  10  horsepower,  with  a  10-inch  pul- 
ley at  500  revolutions  per  minute.  First,  a 
line  is  established  through  10.0  on  the 
Horsepower  scale  and  500  on  the  Revolu- 
tions per  Minute  scale.  This  intersects  the 
Belt  Velocity  scale  at  a  scale  point  corre- 
sponding to  1,310  feet  per  minute  (true 
computed  value  1,309). 

Then  a  second  line  is  established 
through  this  point  and  the  scale  point  for 
10.0  on  the  Horsepower  scale,  and  its  inter- 
section with  the  Belt  Width  scale  is  at  a 
scale  point  of  5.9  on  the  Single  Belt  scale 
(3.93  on  the  Double  Belt  scale).  A  com- 
putation on  the  basis  of  the  given  equation 
results  in  a  figure  of  6.00  as  the  single-belt 
width,  and  the  average  of  tabulations  and 
charts  that  have  come  to  the  attention  of 
this  author  result  in  an  average  of  6.10 
inches. 
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58.  Belt  Design 


Method  for  the  determination  of  the  width 
of  leather  belting  required  to  carry  a  speci- 
fied load.  This  chart  is  the  second  of  two 
on  this  subject;  the  first,  Chart  57,  is  based 
upon  use  of  approximate  methods,  suitable 
for  use  only  with  comparatively  low  belt 
speeds.  As  such  speeds  are  increased,  the 
centrifugal  effect  on  the  belt  in  passing 
around  pulleys  adds  an  artificial  tension  as 
well  as  having  an  effect  upon  the  coefficient 
of  friction  between  belt  and  pully,  and  as 
the  speed  increases,  these  factors  have  an 
increasing  effect  upon  the  design.  In  the 
earlier  chart,  the  equation  used  made  no 
provision  for  them,  and,  as  stated  there, 
it  should  not  be  used  where  belt  speeds 
are  much  in  excess  of  2,000  feet  per  min- 
ute. 

Design  computation  by  means  of  the 
exact  mathematical  formulas,  a  series  of 
five,  is  an  involved,  tedious  process.  This 
chart  provides  a  solution  based  upon  exact 
methods,  but  requiring  only  a  few  seconds 
to  arrive  at  a  solution.  The  equations  used 
as  a  basis,  evaluating  the  various  tension 
components,  the  variations  in  friction  co- 
efficient, and  resultant  unit  capacity  of  the 
belting,  may  be  found  in  treatises  on  me- 
chanical transmission  of  power  and  in 
handbooks,  so  there  is  no  need  to  take  the 
space  required  to  repeat  them  here. 

Procedure.  The  chart  incorporates  an 
intersection-type  portion  and  then  a  three- 
stage  alignment  section,  and  in  using  it,  a 
point  is  first  found  in  the  intersection  por- 
tion, where  the  vertical  line  corresponding 
to  Belt  Speed  intersects  the  curve  for  the 
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assumed  maximum  Tight  Side  Tension. 
The  former  may  be  determined  easily  from 
Chart  57,  which  is  the  reason  that  parts 
of  that  chart  were  carried  beyond  the  limits 
of  practical  use  of  that  chart  for  complete 
solution. 

As  to  the  figure  selected  for  Tight  Side 
Tension,  240  pounds  per  square  inch  is 
generally  recommended,  although  it  may 
be  as  high  as  300  for  new  belts  of  good 
quality  or  as  low  as  200.  Belt-design 
treatises  by  Barth  and  Sellers  represent 
values  of  200  and  255  pounds  per  square 
inch,  respectively. 

The  next  step  in  the  use  of  the  chart  is 
to  extend  the  intercept  found  as  above. 
It  is  carried  over  horizontally  to  the  heavy 
line  near  the  right-hand  edge  of  this  por- 
tion of  the  chart.  This  heavy  line,  used  as 
an  axis  in  the  alignment  section,  is  that 
corresponding  to  the  vertical  line  for  a  belt 
speed  of  7,000  feet  per  minute. 

A  straight  line  is  then  established 
through  this  point  and  the  scale  point  cor- 
responding to  the  power  to  be  transmitted, 
on  the  Horsepower  scale,  and  the  intersec- 
tion of  this  line  with  the  first  blank  axis 
(the  one  of  the  two  that  is  farther  toward 
the  left)  is  noted.  A  second  straight  line 
is  established  through  this  line  and  the 
scale  point  for  the  assumed  value  of  Belt 
Thickness  on  the  scale  so  designated,  and 
the  intersection  of  this  line  is  noted  on  the 
second  blank  axis. 

Then,  a  third  straight  line  is  established 
through  this  point  and  the  computed  value 
for  the  Arc  of  Contact  on  the  smaller  of 
the  pulleys  in  the  drive,  and  at  the  inter- 
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Belt   Design 

section  of  this  line  with  the  scale  of  Belt 
Width  the  desired  scale  reading  is  read 
directly.  It  is  felt  that  the  scalings  of  the 
various  terms  will  cover  all  conditions 
which  may  be  met  in  practice,  with  the 
exception  of  horsepower.  For  values  of 
horsepower  outside  the  scale  limits,  the 
actual  horsepower  may  be  multiplied  by 
10  or  0.1  to  arrive  at  a  figure  within  the 
limits,  afterward  multiplying  the  final  de- 
termination by  0.1  or  10,  respectively,  to 
obtain  the  true  result. 

It  might  be  mentioned  that  for  180°  arc 
of  contact,  and  with  belt  speeds  under 
3,000  feet  per  minute,  results  from  this 
chart  do  not  deviate  greatly  from  those 
taken  from  Chart  57. 

By  way  of  illustrating  use  of  the  chart, 
assume  conditions  requiring  the  transmis- 
sion of  75  horsepower,  with  a  single-belt 
speed  of  4,800  feet  per  minute,  tight-side 
belt  tension  being  limited  to  240  pounds 
per  square  inch,  the  arc  of  contact  being 
180°.  First,  the  intersection  of  the  vertical 
line  of  4,800  feet  per  minute  Belt  Speed 
and  the  curve  for  240  pounds  per  square 


inch  Tight  Side  Tension  is  noted  in  the 
intersection-nomograph  section,  and  its  in- 
tercept is  carried  over  to  the  main  axis  of 
this  portion,  on  the  vertical  line  coinciding 
with  the  7,000  feet  per  minute  belt  speed. 

Then  a  line  is  fixed  through  this  point 
and  the  scale  point  for  75  on  the  Horse- 
power scale,  and  the  intersection  of  this 
line  with  the  first  blank  axis  is  noted. 
Then  another  line  is  laid  from  this  point 
to  the  assumed  value  of  Belt  Thickness, 
taken  as  0.25  for  the  single  belt,  and  the 
intersection  of  this  line  is  noted  on  the 
second  blank  axis. 

Then  another  line  is  set  from  this  point 
to  the  assumed  value  on  the  Arc  of  Con- 
tact scale,  and  the  intersection  of  this  line 
is  noted  on  the  Belt  Width  scale  as  16.3 
inches.  (The  result  achieved  by  carrying 
out  full  computation  is  16.41.)  By  way 
of  emphasizing  the  limitations  of  Chart  57, 
it  may  be  noted  that  the  result  by  use  of 
that  chart  would  be  10.8  inches.  This 
illustrates  forcibly  the  effect  of  the  factors 
of  centrifugal-tension  component  and  vary- 
ing friction  coefficient  at  high  belt  speeds. 
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59.  Belt  Length 


Method  for  the  determination  of  the  length 
of  an  open  belt  transmitting  power  be- 
tween two  pulleys  and  for  finding  pulley 
diameters  which,  at  given  center  distance, 
will  give  varying  drive-speed  ratios  with 
given  belt  length.  This  latter  provision  is 
of  assistance  in  designing  varying  ratio 
drives  with  step-cone  pulleys. 

This  is  one  of  the  cases  mentioned  in  the 
foreword  to  this  volume  where  the  inter- 
section type  of  nomograph  seems  better 
adapted  to  the  problem  than  the  alignment 
type.  It  is  true  that  there  have  appeared 
alignment  nomographs  for  the  solution  of 
the  problem,  but  they  seem  to  be  based 
upon  approximate  rather  than  exact  for- 
mulas. It  may  be  seen  that  in  the  chart 
the  lines  drawn  on  the  basic  system  of 
rectangular  coordinates  are  not  straight, 
but  slightly  curved,  and  it  is  this  deviation 
that  marks  the  difference  between  the  exact 
and  approximate  methods  of  solution. 

The  formula  used  in  designing  this  chart 
is  the  exact  one,  where  the  belt  length  is 

L  =  2VC2  -  (Ri  ~  R2)2  +  *(Ri  +  R») 

+  2(j?1-*2)sin-l(*1~i?2) 

where  C  is  the  distance  between  centers 
of  the  pulleys  and  i?i  and  R2  are  the  radii 
of  the  two  pulleys,  all  dimensions  being  in 
the  same  units.  Computation  of  belt 
lengths  by  the  formula  is,  at  best,  a  rather 
tedious  process,  but  if  belt  length  and  cen- 
ter distance  are  the  known  quantities,  com- 
putation of  pulley  diameters  to  fit  is  a  long 
process  of  trial  and  error,  avoided  by  the 
use  of  this  chart. 


Procedure.  To  simplify  the  chart,  all 
dimensions  are  reduced  to  ratios  to  the  dis- 
tance between  centers,  as  unity.  Thus,  the 
first  step  in  using  the  chart  is  to  divide  the 
pulley  diameters  by  the  center  distance,  if 
it  is  belt  length  that  must  be  determined. 
If  center  distance  and  belt  length  are  the 
fixed  quantities,  then  the  belt  length  is 
divided  by  the  center  distance  to  obtain  its 
ratio  to  center  distance. 

Then,  using  the  chart  to  find  belt  length, 
a  point  is  located  on  the  chart  at  the  inter- 
section of  the  horizontal  line  scaled  at 
the  value  of  one  pulley  diameter  and  the 
sloping  (slightly  curved  and  generally  par- 
allel) line  scaled  at  the  value  of  the  other 
pulley  diameter  (both  as  ratios  to  center 
distance),  interpolating  as  necessary.  The 
belt  length,  as  a  multiple  of  center  dis- 
tance, is  then  read  by  interpolating  be- 
tween the  vertical  lines,  scaled  at  the  bot- 
tom. 

It  will  be  noted  that  there  are  also  radial 
lines,  slightly  curved,  and  these  are  lines 
scaled  to  denote  the  speed  ratio  between 
the  shaft  pulleys.  Thus,  if  but  one  pulley 
diameter  is  known,  for  a  fixed  ratio  be- 
tween shaft  speeds,  the  intersection  to  be 
found  is  that  of  the  line  of  known  diameter 
with  the  line  of  the  fixed  ratio,  whereupon 
the  diameter  of  the  other  pulley  and  the 
length  of  belt  can  be  read  off,  interpolating 
as  necessary. 

The  third  use  of  the  chart  is  when,  with 
center  distance  and  belt  length  fixed,  pul- 
ley diameters  for  other  ratios  are  required. 
In   this  case,   the   intersection   first   deter- 
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Belt  Length 

mined  is  that  of  the  vertical  line  corre- 
sponding to  belt  length,  with  the  radial 
line  of  desired  speed  ratio.  Then,  inter- 
polating as  necessary,  the  two  pulley  di- 
ameters are  read  from  the  horizontal  and 
sloping  lines,  respectively. 

To  illustrate  use  of  the  chart,  a  case  is 
assumed  with  a  distance  between  centers 
of  6  feet,  or  72  inches.  Speed  ratios  of  1:1, 
1:1.5,  and  1:2  are  to  be  provided,  the 
pulleys  being  10  inches  in  diameter  for 
the  first  case. 

The  10-inch  diameter  is  0.1389,  as  a  mul- 
tiple of  the  center  distance,  so  a  point  of 
intersection  is  found  where,  interpolating 
as  necessary,  this  value  in  one  set  of  Pulley 
Diameter  lines  intersects  either  the  same 
value  in  the  other  set  of  Pulley  Diameter 


lines,  or  the  radial  line  for  1 : 1  ratio.  This 
intersection  gives  the  value  of  Belt  Length 
as  2.436.  Simple  multiplication  (by  true 
center  distance)  then  gives  the  actual  belt 
length  as  175.39  inches. 

Belt  length  now  being  fixed,  the  inter- 
section of  the  line  for  this  value  is  then 
noted  with  the  lines  of  1:1.5  and  1:2 
Speed  Ratio  to  give  the  diameters  as  0.1105 
and  0.1660  for  the  1:1.5  ratio  and  0.0920 
and  0.1840  for  the  other.  Again  simple 
multiplication  gives  the  true  diameters  as 
7.96  and  11.95  inches  for  the  1:1.5  ratio 
and  6.62  and  13.25  inches  for  the  other. 
Actual  computations  gave  results  of  175.42 
inches  belt  length  for  the  1 : 1  ratio,  175.32 
for  the  1:1.5  ratio,  and  175.45  for  the  1:2 
ratio. 
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60.  Torsional  Moment 


Method  for  the  determination  of  the  tor- 
sional moment  induced  in  a  torsional  mem- 
ber subjected  to  a  given  horsepower  at  a 
known  speed.  Tables  and  charts  are  avail- 
able for  finding  the  shaft  size  required  to 
transmit  power  under  conditions  involving 
nothing  but  torsion,  but  some  problems 
require  analysis  of  more  than  mere  torsion, 
and  this  chart  has  been  found  useful  in 
those  cases.  In  addition,  it  is  useful  even 
in  those  cases  in  which  torsion  is  the  only 
problem,  in  which  case,  with  the  following 
chart,  a  complete  solution  is  possible. 

The  formula  upon  which  the  chart  is 
based  is  the  conventional  one,  quoted  di- 
rectly as  given,  or  given  in  such  form  as  to 
be  easily  resolved,  wherein  the  torsional 
moment  in  inch-pounds  is 

M  =  63,023  Hp/N 
where  Hp  is  the  horsepower  transmitted 
and  N  is  the  shaft  speed  in  revolutions  per 
minute. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  on  the  Horsepower  and 
Speed  scales,  and  then  read  the  scale  point 
at  the  intersection  of  this  line  with  the 
scale   for  Moment.     All   three   scales   are 


double-scaled,  the  A  scale  for  accurate  de- 
terminations, and  the  B  scale  for  deter- 
mination of  the  general  range  of  the  final 
result. 

By  way  of  illustration  of  use  of  the  chart, 
assume  the  transmission  of  60.0  horsepower 
at  300  revolutions  per  minute.  First,  to 
determine  the  general  range  of  the  result, 
use  the  B  scales,  and  establish  a  line 
through  the  scale  point  (even  approxi- 
mately) for  60  on  the  Horsepower  scale 
and  that  for  300  on  the  Speed  scale.  The 
intersection  of  this  line  with  the  Moment 
scale  indicates  that  the  moment  is  in  the 
range  between  10,000  and  100,000  inch- 
pounds. 

Then,  using  the  A  scalings,  a  line  is 
established  through  the  scale  points  for  60 
on  the  Horsepower  scale  and  300  on  the 
Speed  scale,  which  is  found  to  intersect  the 
Moment  scale  at  a  scale  point  indicating 
12,600  inch-pounds  (computed  value  being 
12,605). 

Had  the  horsepower  value  been  600,  the 
first  step  would  have  indicated  the  true 
figure  to  be  between  100,000  and  1,000,000, 
so  instead  of  taking  the  direct  reading,  the 
same  integers  would  have  been  used,  but 
multiplied  by  10,  for  a  final  result  of  126,- 
000  inch-pounds. 
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61.  Torsional  Stress 


Method  for  the  determination  of  the  tor- 
sional stress  in  a  shaft  under  a  known  mo- 
ment, for  a  given  diameter,  or  for  deter- 
mining the  diameter  required  with  a  given 
moment  and  stress  limitation.  This  chart, 
in  combination  with  Chart  60,  will  then 
solve  problems  wherein  torsion  alone  is  of 
importance,  and  with  a  minimum  of  effort. 
The  equation  upon  which  the  chart  is 
based  is  the  usual  one  for  the  problem, 
wherein  the  moment,  or  torque,  exerted 
by  the  shaft  is 

rd3S 
16 


M 


0A9635d3S 


where  d  is  the  shaft  diameter  in  inches  and 
S  is  the  torsional  stress  in  pounds  per 
square  inch.  The  scales  on  the  chart  are 
double-scaled,  the  A  scales  for  accurate 
evaluation,  and  the  B  scales  for  finding  the 
general  range  of  the  result. 

Procedure.  To  use  the  chart,  recourse  is 
first  taken  to  the  B  scalings,  after  which  the 
A  scalings  are  used  to  determine  the  sig- 
nificant figures.  In  each  case,  a  straight 
line  is  established  through  the  scale  points 
for  any  two  of  the  three  variables  Stress, 
Moment,  and  Shaft  Diameter,  and  at  the 
intersection  of  this  line  with  the  third  scale 
is  read  the  third  quantity. 

By  way  of  illustration  we  may  determine 


the  moment  exerted  by  a  shaft  3.50  inches 
in  diameter  under  a  maximum  stress  of 
8,000  pounds  per  square  inch.  First,  using 
the  B  scalings,  fix  a  line  through  scale 
points  approximating  3.5  on  the  Diameter 
scale  and  8,000  on  the  Stress  scale,  and  the 
intersection  of  this  line  with  the  Moment 
scale  indicates  the  moment  to  be  between 
10,000  and  100,000.  Then,  using  the  A 
scales  similarly,  the  intersection  is  at  a  scale 
point  of  67,500  (computed  result  being 
67,348). 

If  the  first  stage,  by  use  of  the  B  scalings, 
had  indicated  a  result  between  1,000  and 
10,000  (with  different  basic  figures,  of 
course),  then,  had  the  final  scale  reading 
been  the  same  as  above,  the  true  value 
would  have  been  6,750. 

Illustrating  another  sequence  in  the  use 
of  the  chart,  a  case  may  be  assumed  requir- 
ing the  design  of  a  shaft  wherein  the  tor- 
sional moment  is  to  be  60,000  inch-pounds 
with  a  limiting  stress  of  7,500  pounds  per 
square  inch.  In  this  case,  then,  a  straight 
line  is  fixed  through  the  scale  points  for 
7,500  on  the  Stress  scale  and  60,000  on  the 
Moment  scale.  This  line  is  found,  when 
prolonged,  to  intersect  the  Diameter  scale 
at  a  scale  point  (interpolating)  of  3.43 
inches  diameter  (computed  value  being 
3.446). 
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62.  Centrifugal  Force 


Method  for  the  determination  ot  the  cen- 
trifugal effect  resulting  from  rotation  at 
various  speeds  of  objects  of  various  weights 
at  various  radii.  The  formula  upon  which 
the  chart  is  based  is  the  usual  expression 
for  this  force,  although  here  reduced  to 
simple  form,  where  the  centrifugal  force  is 

F  =  0.00034N2RW 

where  N  is  the  rotational  speed  in  revolu- 
tions per  minute,  R  is  the  radius  of  the 
center  of  gravity  of  the  rotating  body,  in 
feet,  and  W  is  the  weight  of  the  rotating 
body,  in  pounds. 

Many  problems  in  this  field  will  fall  out- 
side the  primary  scalings  on  the  chart,  those 
designated  A.  For  this  reason,  a  secondary 
scaling  B  appears,  by  which  the  approxi- 
mate result  is  determined,  at  least  to  the 
extent  of  learning  the  number  of  figures 
before  the  decimal  point.  Then,  recourse 
to  scalings  A,  without  regard  for  the  deci- 
mal point,  will  give  the  figure  itself. 

Procedure.  To  use  the  chart,  the  first 
stage  is  in  establishing  a  straight  line 
through  the  scale  points  corresponding  to 
the  given  values  of  Speed  and  Radius  on 
their  respective  scales.  The  intersection  of 
this  line  with  the  blank  axis  is  then  noted. 
A  second  straight  line  is  then  fixed  through 
this  point  and  the  scale  value  of  Weight 
on  that  scale,  and  at  the  intersection  of  this 


line  with  the  Centrifugal  Force  scale  is 
read  the  desired  figure.  The  same  process 
is  followed  with  A  or  B  scalings. 

By  way  of  illustration,  a  solution  is  to  be 
found  for  a  weight  of  0.6  pound,  rotating 
at  a  speed  of  3,500  revolutions  per  minute 
at  a  radius  of  0.35  foot.  First,  a  line  is  set 
through  the  scale  points  corresponding  to 
3,500  on  the  B  Speed  scale  and  0.35  (below 
1.0)  on  the  B  Radius  scale.  The  intersec- 
tion of  this  line  with  the  blank  axis  is  then 
noted. 

A  second  straight  line  is  then  established 
through  this  point  and  the  scale  point  for 
0.6  on  the  B  Weight  scale,  and  at  the  inter- 
section of  this  line  with  the  Centrifugal 
Force  B  scale,  the  result  is  noted  as  being 
between  500  and  1,000. 

Now  the  same  process  is  repeated  using 
the  A  scales  without  regard  for  decimal 
points,  using  scale  points  for  the  basic  data 
multiplied  by  such  powers  of  10  as  bring 
them  within  the  scale  limits.  Thus,  the 
Speed  scale  point  used  will  be  350,  the 
Radius  scale  point  will  be  3.5,  and  the 
Weight  scale  point  will  be  6.0,  and  the 
final  result  is  read  as  875.  By  coincidence, 
the  multiplications  by  powers  of  10  cancel 
out  in  this  instance,  because  the  prelimi- 
nary B  operation  indicated  the  result  to  be 
between  500  and  1,000,  so  the  indicated 
result  is  the  desired  figure.  Computation 
gives  the  exact  figure  as  874.65. 
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63.  Pile  Loading 


Method  for  the  determination  of  the  safe 
load  on  piles,  where  the  penetration  at 
the  last  blow  of  the  driver  is  taken  as  the 
criterion.  The  formula  upon  which  the 
chart  is  based  is  one  for  which  credit  is 
given  in  handbooks  to  Engineering  News 
and  is  in  the  form  where  the  maximum 
safe  load  is 

L  =  2WH/(s  +  1) 

where  W  is  the  total  weight  of  the  falling 
parts  of  the  hammer  assembly,  H  is  the 
height  in  feet  of  the  free  fall  of  the  hammer 
assembly,  and  s  is  the  penetration  of  the 
pile  under  the  influence  of  the  hammer  on 
the  last  drop,  in  inches. 

Procedure.  To  use  the  chart,  the  first 
stage  is  the  establishment  of  a  straight  line 
through  the  scale  points  corresponding  to 
the  known  values  on  the  Hammer  Weight 
and  Hammer  Fall  scales,  noting  the  inter- 
section of  this  line  with  the  blank  axis.  A 
second  straight  line  is  then  fixed  by  this 
point  and  the  scale  point  corresponding  to 
the  known  value  of  Penetration   by  Last 


Blow  on  the  scale  so  designated,  and  at  the 
intersection  of  this  line  with  the  Safe  Load 
scale  is  read  the  scale  value  of  the  figure 
sought. 

Where  the  known  quantities,  except 
penetration,  lie  beyond  the  limits  of  the 
chart,  solution  may  be  obtained  by  multi- 
plying the  quantities  by  powers  of  10  such 
as  will  result  in  figures  within  the  scale 
limitations,  afterward  multiplying  the  ap- 
parent result  by  the  reciprocals  of  such  fac- 
tors to  obtain  a  true  solution. 

By  way  of  illustration,  assume  a  weight 
of  hammer  (total  falling  parts)  of  3,500 
pounds,  a  drop  of  6.0  feet,  and  a  last-blow 
penetration  of  8.0  inches.  A  line  through 
scale  points  for  3,500  on  the  Hammer 
Weight  scale  and  for  6.0  on  the  Hammer 
Fall  scale  is  set,  and  its  intersection  is  noted 
on  the  blank  axis.  A  second  line  through 
this  point  and  the  scale  point  for  8.0  on  the 
Penetration  scale  is  then  found  to  intersect 
the  Safe  Load  scale  at  a  scale  point  indi- 
cating a  safe  load  of  4,650  pounds  (com- 
puted value  4,667). 
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Group  V 
THERMODYNAMICS  CHARTS 


This  group  of  charts  has  to  do  almost 
entirely  with  steam,  although  one  or  two 
of  the  individual  charts  find  use  in  other 
fields.  The  first  one  of  the  group  falls  into 
this  category,  for  while  it  is  useful  in  plot- 
ting steam  expansion  curves,  it  is  equally 
useful  in  plotting  expansion  or  compres- 
sion of  other  gases. 

Most  of  the  charts  in  this  group  have 
previously  appeared  in  Power  and  other 
engineering  publications,  some  as  long  as 
20  years  ago.  But  they  have  been  found 
useful  throughout  the  years  and  are  pre- 
sented again  in  this  volume. 

The   first   charts   of   this   group   are   of 


more  or  less  general  nature  in  the  field  of 
steam,  having  to  do  with  expansion,  flow 
through  piping  and  orifices,  and  calorim- 
eter determinations  of  quality.  The  re- 
mainder of  the  group,  however,  have  to  do 
with  boiler  performance  and  tests.  Of 
these,  several  cover  fields  of  determination 
of  specific  losses  in  boilers,  the  last  one 
being  for  calculation  of  over-all  efficiency. 
Although  the"re  is  an  explanation  accom- 
panying each  chart,  detailing  methods  of 
use  and  illustrations,  most  of  the  charts 
also  bear  a  key  diagram  outlining  the  se- 
quence of  operations.  These  will  very 
often  save  rereading  the  text  at  each  use. 
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Charts  in  Group  V 

64.  Gas  Expansion 

65.  Orifice  Steam  Flow 

66.  Steam  Pipe  Flow 

67.  Throttling  Calorimeter 

68.  Factor  of  Evaporation 

69.  Combustion  Air  and  Carbon  Dioxide 

70.  Heat  Loss  in  Flue  Gases 

71.  Heat  Loss  by  Moisture  in  Flue  Gas 

72.  Heat  Loss  by  Incomplete  Combustion 

73.  Heat  Loss  by  Combustible  in  Refuse 

74.  Heat  Loss  by  Sensible  Heat  in  Refuse 

75.  Boiler  Efficiency 
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64.  Gas  Expansion 


Method  for  making  calculations  necessary 
for  plotting  gas  expansion  or  compression 
curves,  or  for  making  other  computations 
for  determination  of  relationships  between 
pressure  and  volume  of  a  fixed  amount  of 
gas.  The  equation  upon  which  the  chart 
is  based  is  the  conventional  one,  where 

PVn  =  C 
where  P  is  pressure,  V  is  volume,  n  is  an 
exponent,  and  C  is  a  figure  that  remains 
constant  through  any  one  series  of  compu- 
tations. 

Any  units  may  be  used  for  pressure  and 
volume,  but  in  any  series  of  computations 
they  must  be  consistent. 

In  arithmetical  computation,  the  first 
step  must  be  to  set  up  the  value  of  the  con- 
stant upon  the  basis  of  original  pressure 
and  volume  conditions  and  an  assumed  ex- 
ponent. Then  pressures  may  be  computed 
for  varying  volumes,  or  volumes  for  vary- 
ing pressures.  Where  the  exponent  is  1.0, 
which  can  happen  only  in  theory,  the 
arithmetical  problem  is  simple.  But  the 
exponents  applying  to  various  gaseous  ma- 
terials under  actual  conditions  are  usually 
odd  ones,  making  computation  difficult 
and  tedious.  With  the  chart,  however,  it 
is  a  simple  process. 

Procedure.  First,  the  value  of  the  expo- 
nent is  set,  and  then  the  vertical  line  scaled 
for  this  value  on  the  chart  is  used  through- 
out computations  for  the  particular  gas  and 
general  range  of  operations.  The  second 
step  is  then  to  note  on  this  vertical  line 
the  intersection  of  the  horizontal  line 
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scaled  for  the  initial  value  of  volume,  in- 
terpolating as  may  be  necessary.  Then  a 
straight  line  is  established  through  this 
point  and  the  scale  point  corresponding  to 
the  initial  Absolute  Pressure  on  the  scale 
so  designated. 

The  intersection  of  this  line  is  then 
noted  on  the  blank  axis,  and  this  point  is 
used  as  a  basis  for  further  steps.  Thus,  to 
determine  the  new  volume  at  some  differ- 
ent pressure,  a  straight  line  is  established 
through  this  point  and  the  scale  point  for 
the  new  value  on  the  Absolute  Pressure 
scale.  Then,  on  the  vertical  line  corre- 
sponding to  the  assumed  exponent  value, 
at  the  intersection  of  the  line  just  estab- 
lished, may  be  read  the  new  value  of  vol- 
ume. 

By  way  of  illustration,  data  may  be  ob- 
tained for  plotting  the  expansion  curve  of 
a  volume  of  gas  beginning  with  an  abso- 
lute pressure  of  300  pounds  per  square 
inch  and  occupying  a  volume  of  5.00  cubic 
feet,  the  exponent  being  set  at  1.33.  The 
first  step,  of  course,  is  as  described  above, 
locating  the  vertical  line  corresponding  to 
the  exponent,  interpolating  as  necessary. 

Next,  a  straight  line  is  established 
through  the  scale  point  on  this  line,  corre- 
sponding to  the  Volume,  5.00,  and  the 
scale  point  for  300  on  the  Absolute  Pres- 
sure scale.  The  intersection  of  the  line  so 
established  with  the  central,  blank  axis  is 
then  noted  and  is  used  in  subsequent  oper- 
ations in  this  particular  problem. 

Now,  the  line  is  rotated  about  this  point 
on   the   blank  axis   to   find  points  on   the 
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Gas  Expansion 

expansion  curve,  and  with  one  end  fixed  corresponding  volumes  are  8.35,  13.2,  and 

at  any  selected  scale  point  on  the  Absolute  22  A,  where  computation  gave  8.39,  13.20, 

Pressure  scale,  the  corresponding  Volume  and  22.75. 

is  read  as  the  intercept  of  the  horizontal  It  should  be  emphasized  that  operation 

scale  lines  on  the  vertical  line  of  assumed  of  this  chart  differs  from  others  in   this 

exponent  at  the  point  of  intersection  of  collection    in   that   the   intercepts   on   the 

the  rotating  line.     In  this  case,  reading  at  vertical  lines  are  not  carried  to  a  fixed  axis 

absolute  pressures  of  150,  80,  and  40,  the  associated  with  the  graph  section. 
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65.  Orifice  Steam  Flow 


Method  for  the  determination  of  the  flow  of 
steam  through  rounded  orifices.  Accurate 
formulas  for  this  problem  are  complex  in 
form  and  tedious  in  use,  so  recourse  is 
often  had  to  approximate  formulas,  with 
consequent  loss  of  accuracy,  often  to  a 
large  degree.  This  chart,  however,  com- 
bines the  accuracy  of  an  accepted  formula 
with  speed  and  ease  of  computation. 

The  formula  upon  which  the  chart  is 
based  is  that  due  to  Grashof,  wherein  the 
weight  of  steam  flowing  through  a  rounded 
orifice,  in  pounds  per  second,  is 

W  =  kap0^1 '/62.5c 
where  k  is  a  factor  depending  upon  the 
ratio  of  back  pressure  to  initial  pressure, 
equal  to  1.00  when  this  ratio  is  less  than 
0.58,  a  is  the  orifice  area  in  square  inches, 
p  is  the  initial  pressure  in  pounds  per 
square  inch  absolute,  and  c  is  a  factor  de- 
pending upon  steam  quality  or  superheat. 
For  wet  steam,  this  latter  factor  is  equal 
to  the  square  root  of  the  steam  quality 
expressed  as  a  decimal.  For  superheated 
steam,  the  factor  is  equal  to  1.0  + 
0.00065D,  where  D  is  the  superheat  in  de- 
grees Fahrenheit. 

Procedure.  The  chart,  as  may  be  seen, 
is  a  combination  of  intersection-  and  align- 
ment-type nomographs.  In  the  intersec- 
tion portion,  at  the  right  a  family  of  curves 
is  plotted,  the  vertical  lines  of  the  rec- 
tangular coordinate  system  being  scaled 
for  initial  pressures,  with  curves  scaled  for 
back  pressures.  By  way  of  clarification,  it 
might  be  said  that  the  10-pound  back-pres- 


sure curve  continues  upward  to  the  right, 
being  joined  by  the  curves  of  all  higher 
back  pressures. 

It  is  in  this  portion  of  the  chart  that  any 
solution  must  start,  in  locating  the  inter- 
section of  the  vertical  line  corresponding 
to  the  given  condition  of  Initial  Pressure 
(absolute),  with  the  curve,  or  its  extension 
in  the  sloping  line,  of  the  value  of  Back 
Pressure.  Then,  from  this  point  of  inter- 
section, the  same  intercept,  or  vertical 
position,  is  found  on  the  line  forming  the 
extreme  right-hand  edge  of  the  intersec- 
tion-type portion  of  the  chart  (being  the 
vertical  line  corresponding  to  a  pressure 
of  500  pounds),  by  following  horizontally 
across  the  coordinate  system. 

The  second  step  in  solution  is  then  to 
establish  a  straight  line  through  this  point 
and  the  scale  point  corresponding  to  the 
known  value  of  (orifice)  Area,  noting  the 
intersection  of  this  line  with  the  blank 
axis  in  the  center  of  the  chart.  A  second 
straight  line  is  then  established  between 
this  intersection  and  the  scale  point  corre- 
sponding to  the  known  value  of  Superheat 
or  Quality  on  the  scale  so  designated,  and 
the  intersection  of  this  line  with  the  Dis- 
charge scale  then  gives  the  solution  for  the" 
conditions  taken  as  a  basis. 

By  way  of  illustration,  assume  an  initial 
pressure  of  12  pounds  per  square  inch  ab- 
solute and  a  back  pressure  of  10  pounds  ab- 
solute, with  an  orifice  having  an  area  of 
0.10  square  inch,  under  two  steam  condi- 
tions: (1)  81  per  cent  quality,  (2)  having 
200°  superheat.     First,  the  intersection  of 
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Orifice  Steam   Flow 

the  vertical  line  for  12  pounds  initial  pres- 
sure with  the  curve  for  10  pounds  back 
pressure  is  located,  and  the  horizontal  line 
is  followed  across  to  the  right  to  the  edge 
of  this  section  to  that  vertical  line. 

A  straight  line  through  this  point  and 
the  scale  point  for  0.10  Area  is  set  up,  and 
its  intersection  with  the  blank  axis  is  noted. 
Then  a  line  through  this  point  and  the 
scale  point  for  0.81  on  the  Quality  scale  is 
found  to  intersect  the  Discharge  scale  at  a 


point  that  shows  0.0157  pound  per  second, 
the  computed  value  being  0.0154.  For  the 
second  case,  the-  observed  point  on  the 
blank  axis  is  connected  with  the  scale  point 
for  200°  superheat,  and  the  Discharge  is 
read  as  0.0123,  the  computed  value  being 
0.01224. 

A  key  diagram  appearing  on  the  chart 
should  serve  to  guide  operations,  after  a 
first  study  of  this  explanation,  in  routine 
use  of  the  chart. 
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66.  Steam  Pipe  Flow 


Method  for  the  determination  of  the  pressure 
drop  due  to  friction  in  the  flow  of  steam  in 
pipes.  It  is  based  upon  the  widely  used 
Unwin  formula,  wherein  the  pressure  drop 
in  pounds  per  square  inch  is 

1  +  3.6d^ 


0.000130617^ 


(1  +  3.6<A 
\      d5      ) 


where  W  is  the  amount  of  steam  passing 
through  the  pipe  in  pounds  per  minute, 
v  is  the  specific  volume  of  the  steam  in 
cubic  feet  per  pound,  d  is  the  inside  diam- 
eter of  the  pipe  in  inches,  and  L  is  the 
length  of  the  pipe  in  feet,  making  allow- 
ance for  equivalent  length  for  fittings. 
The  chart  omits  provision  for  the  factor  L, 
pressure  drops  being  in  pounds  per  hun- 
dred feet  of  length. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 
corresponding  to  the  known  values  on  the 
Pipe  Diameter  and  Specific  Volume  scales, 
respectively,  and  the  intersection  of  this 
line  with  the  blank  axis  is  noted.  Then  a 
second  straight  line  is  fixed  by  this  point 


and  the  scale  point  for  the  known  value  on 
the  Steam  Flow,  Lb./Min.  scale,  and  at  the 
intersection  of  this  line  with  the  Pressure 
Loss  scale,  the  solution  is  read. 

To  illustrate  use  of  the  chart,  a  deter- 
mination may  be  made  for  the  condition 
of  350  pounds  of  steam  per  minute  flowing 
in  a  line  of  5.00-inch  inside  diameter,  the 
specific  volume  of  the  steam  being  3.00 
cubic  feet  per  pound.  First,  a  line  is 
established  through  the  scale  point  for  5.00 
on  the  Pipe  Diameter  scale  and  3.00  on  the 
Specific  Volume  scale,  and  the  intersection 
of  this  line  with  the  blank  axis  is  noted. 
A  second  straight  line  established  through 
this  point  and  the  scale  point  for  350  on 
the  Steam  Flow,  Lb./Min.  scale  is  then 
found  to  intersect  the  Pressure  Loss  scale 
at  the  scale  point  indicating  a  drop  of  2.70 
pounds  per  square  inch  per  100  feet  of 
pipe  length.  Straight  computation  gives 
the  result  as  2.6516. 

A  key  diagram  on  the  chart  illustrates 
the  sequence  of  operations  and  should  save 
frequent  reference  to  this  explanation. 
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67.  Throttling  Calorimeter 


Method  for  the  determination  of  the  quality 
of  steam  from  tests  made  with  the  throt- 
tling type  of  calorimeter.  This,  of  course, 
is  the  instrument  wherein  wet  steam  is 
throttled  from  its  normal  high  pressure,  at 
which  it  is  wet,  to  a  lower  pressure  at  which 
the  same  amount  of  heat  makes  the  steam 
superheated.  The  calorimeter  being  insu- 
lated, the  amount  of  heat  lost  in  throttling 
is  negligible,  so  an  equation  is  set  up  be- 
tween the  heat  factors  before  and  after,  and 
this  equation  is  solved  for  the  unknown 
factor  of  quality. 

The  equation  of  the  various  heat  factors 
before  and  after  throttling  is,  of  course, 

X1Ll  +h1=H2  +  c(Ts  -  T0) 
where  Xx  is  the  steam  quality,  Li  is  the 
latent  heat  in  B.T.U.  per  pound  of  steam 
at  the  initial  pressure,  h\  is  the  heat  in 
B.T.U.  per  pound  of  water  at  the  satura- 
tion temperature  corresponding  to  the  ini- 
tial pressure,  H2  is  the  heat  in  B.T.U.  per 
pound  of  dry,  saturated  steam  at  the  pres- 
sure after  throttling,  T0  is  the  saturation 
temperature  corresponding  to  the  pressure 
after  throttling,  Ts  is  the  actual  tempera- 
ture of  the  steam  after  throttling  as  meas- 
ured in  the  calorimeter,  and  c  is  the  specific 
heat  of  steam  in  the  range  of  temperature 
between  T0  and  Ts.  Under  the  near- 
atmospheric  conditions  that  usually  obtain, 
this  last  factor  is  generally  taken  as  0.47. 

Procedure.  The  first  step  in  the  use  of 
the  chart  is  to  establish  a  straight  line 
through  the  scale  points  corresponding  to 


the  known  values  of  Pressure  after  Throt- 
tling and  Temperature  after  Throttling  on 
the  scales  so  designated.  The  intersection 
of  this  line  is  then  noted  on  the  vertical 
line  which  forms  the  left-hand  edge  of  the 
rectangular-coordinate  area  at  the  right 
side  of  the  main  chart.  Then  at  the  inter- 
section of  the  horizontal  line  (interpolat- 
ing as  necessary)  corresponding  to  the  point 
so  found  with  the  vertical  line  correspond- 
ing to  the  known  value  of  Initial  Pressure 
(absolute),  the  Steam  Quality  is  read  from 
the  family  of  curves,  again  interpolating  as 
necessary. 

By  way  of  illustrating  use  of  the  chart, 
assume  that  test  observations  show  an 
initial  pressure  of  200  pounds  per  square 
inch  absolute  and  a  pressure  after  throt- 
tling of  18  pounds  per  square  inch  ab- 
solute, the  temperature  after  throttling 
being  270°  F.  First,  a  line  is  established 
through  the  scale  points  for  18.0  on  the 
Pressure  after  Throttling  scale  and  270  on 
the  Temperature  after  Throttling  scale, 
and  the  intersection  of  this  line  is  noted 
on  the  vertical  line  of  the  left-hand 
edge  of  the  rectangular-coordinate  system. 
Then,  the  horizontal  line  (interpolating) 
from  this  point  to  the  right  intersects  the 
vertical  line  scaled  200  on  the  Initial  Pres- 
sure scale  between  the  curves  for  0.974  and 
0.976,  and  interpolation  indicates  the 
Quality  to  be  0.9748,  where  actual  compu- 
tation gave  0.9747. 

A  key  diagram  appears  on  the  chart  to 
serve  as  a  guide  in  operations,  saving  ref- 
erence each  time  to  this  text. 
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68.  Factor  of  Evaporation 


Method  for  the  determination  of  the  factor 
of  evaporation,  or  the  equivalent  evapora- 
tion from  and  at  212°F.,  for  operating  con- 
ditions of  boilers  within  normal  range. 
It  also  determines  simultaneously  the  total 
heat  absorption  per  pound  of  steam  in 
B.T.U. 

The  factor  of  evaporation  is  the  ratio 
existing  between  the  amount  of  heat  added 
to  the  water  in  the  boiler  under  the  actual 
conditions  at  the  beginning  and  end  of  the 
process  and  the  amount  of  heat  required 
to  change  the  water  to  steam  from  and  at 
212°F.  Mathematically,  the  expression  for 
factor  of  evaporation  is 

f  =  (H2-  HJ/970A 

where  H2  is  the  amount  of  heat  per  pound 
of  steam  under  the  final  conditions  of  pres- 
sure and  superheat,  and  H1  is  the  amount 
of  heat  per  pound  of  water  as  fed  to  the 
boiler,  both  quantities  being  in  B.T.U. 
The  quantity  enclosed  in  parentheses  is 
the  amount  of  heat  added  per  pound,  in 
the  same  units. 

Procedure.  The  chart  consists  of  two 
sections,  one  an  intersection-type  nomo- 
graph and  the  other  an  alignment  type. 
The  first  step  in  the  use  of  the  chart  is  to 
locate  in  the  intersection-type  (rectangu- 
lar-coordinate) section  at  the  right  a  point 
corresponding  to  the  final  steam  condition. 
This  is  accomplished  by  locating  the  inter- 
section of  the  vertical  line  representing  the 
scale  value  of  Boiler  Pressure,  with  the 
curve  of  Saturation,  the  curve  of  Steam 
Temperature,  or  the  curve  of  Superheat, 
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depending  upon  conditions  and  the  form 
in  which  the  known  data  may  be  stated. 

The  second  step  is  to  carry  across  along 
the  horizontal  lines  (interpolating  as  neces- 
sary) the  vertical  measure  of  this  point  to 
the  vertical  line  bounding  this  portion  of 
the  chart  at  its  right-hand  edge.  The  third 
step  is  then  to  establish  a  straight  line 
through  this  point  and  the  scale  point  cor- 
responding to  the  Feed  Water  Tempera- 
ture, on  the  scale  so  designated.  Then,  at 
the  intersection  of  this  line  with  the  scale 
in  the  center  of  the  chart  may  be  read  the 
desired  values  for  Factor  of  Evaporation  or 
Heat  Absorption  per  pound. 

By  way  of  illustrating  the  use  of  the 
chart,  a  condition  is  assumed  where  the 
feed- water  temperature  is  202 °F.  with  final 
steam  at  160  pounds  per  square  inch  abso- 
lute and  a  temperature  of  400°  F.  First, 
the  intersection  point  is  located  for  the 
vertical  line  for  a  Boiler  Pressure  of  160 
and  the  curve  of  400  for  Steam  Tempera- 
ture. Next,  the  vertical  coordinate  of  this 
point  is  followed  horizontally  across  this 
section  to  the  right-hand  edge,  where  it  is 
noted  on  the  vertical  line  forming  that 
edge. 

Finally,  this  point  and  the  scale  point 
for  202  on  the  Feed  Water  Temperature 
scale  are  used  to  establish  a  straight  line. 
Then,  at  the  intersection  of  this  line  with 
the  central  scale,  the  Factor  of  Evaporation 
is  read  as  1.0785  and  the  Heat  Absorption 
is  read  as  1047  B.T.U.  per  pound.  Refer- 
ence to  steam  tables,  followed  by  arith- 
metical computation,  shows  results  of 
1.0789  and  1047,  respectively. 
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69.  Combustion  Air  and  Carbon  Dioxide 


Method  for  the  determination  of  the  theoreti- 
cal minimum  weight  of  air  required  for 
combustion  of  a  fuel  when  the  chemical 
analysis  is  known.  The  chart  also  deter- 
mines the  theoretical  maximum  amount  of 
carbon  dioxide  which  would  result  if  the 
fuel  were  completely  burned  with  that 
amount  of  air.  In  addition,  it  is  possible 
to  determine  the  actual  amount  of  air  for 
lower  values  for  the  carbon  dioxide  content 
of  the  flue  gases. 

One  of  the  two  equations  upon  which 
the  chart  is  based  is  that  for  the  theoretical 
amount  of  air,  where  the  weight  of  air  in 
pounds  per  pound  of  dry  fuel  is 

W0  =  11.49C  +  34.48(H  -  0/8)  +  4.3 IS 

where  C  is  the  carbon  content,  H  is  the 
hydrogen  content,  O  is  the  oxygen  content, 
and  S  is  the  sulphur  content,  all  as  decimal 
parts  of  the  total  dry  weight.  The  carbon 
dioxide  content  of  the  flue  gas  =  C02  = 
2AC/W,  as  theoretical  maximum. 

Procedure.  The  use  of  the  chart  is  in 
three  stages,  the  first  of  which  is  to  establish 
a  straight  line  through  the  scale  points  cor- 
responding to  the  known  values  for  Sul- 
phur Content  and  Oxygen  Content  on  the 
scales  so  designated.  The  intersection  of 
this  line  with  the  first  blank  axis,  near  the 
left-hand  side  of  the  chart,  is  then  noted. 
A  second  straight  line  is  then  established 
through  this  point  and  the  scale  point  cor- 
responding to  the  known  value  of  Hydro- 
gen Content  on  that  scale,  and  the  intersec- 
tion of  this  line  is  noted  on  the  second 
blank  axis,  at  the  right  side  of  the  chart. 

Then,  a  third  straight  line  is  set  through 
this  point  and  the  scale  point  correspond- 
ing to  the  Carbon  Content,  and  on  the  A 
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scalings  on  the  Pounds  Air  per  Pound  Fuel 
and  Carbon  Dioxide— Per  Cent  scales  are 
read  the  final  figures.  To  find  the  amount 
of  air  for  an  actual  observed  amount  of  car- 
bon dioxide,  a  straight  line  through  the 
scale  points  for  the  given  values  for  Carbon 
Content  and  Carbon  Dioxide  will  intersect 
the  Pounds  Air  per  Pound  Fuel  scale  at  a 
scale  value  that  gives  the  answer.  The  B 
scales  are  added  to  increase  the  range  of 
this  operation. 

To  illustrate  the  use  of  the  chart,  condi- 
tions are  determined  for  a  bituminous  coal 
of  0.777  carbon,  0.049  hydrogen,  0.108  oxy- 
gen, and  0.040  sulphur.  First,  a  line  is  set 
through  4.0  per  cent  on  the  Sulphur  Con- 
tent scale  and  10.8  on  the  Oxygen  Content 
scale,  and  its  intersection  is  noted  on  the 
blank  axis  at  the  left.  A  second  line  is 
then  laid  through  this  point  and  4.9  on  the 
Hydrogen  Content  scale,  and  its  intersec- 
tion is  noted  on  the  blank  axis  at  the  right. 
A  third  line  through  this  point  and  77.7 
on  the  Carbon  Content  scale  is  then  found 
to  intersect  the  Pounds  Air  per  Pound  Fuel 
A  scale  at  10.32  and  the  Carbon  Dioxide— 
Per  Cent  scale  at  18.1.  The  computed 
values  were  10.321  and  18.09,  respectively. 

If  the  observed  carbon  dioxide  in  the 
stack  gases  is  12  per  cent,  a  line  is  estab- 
lished through  the  scale  point  correspond- 
ing to  this  value  (with  use  of  the  B  scale 
necessary),  and  the  scale  point  for  77.7  on 
the  Carbon  Content  scale,  and  the  amount 
of  air  per  pound  of  fuel  is  read  as  15.60,  the 
computed  value  being  15.54. 

To  find  the  weight  of  the  dry  flue  gases 
per  pound  of  fuel,  the  weights  of  sulphur 
and  carbon  per  pound  of  fuel  are  added, 
and  eight  times  the  weight  of  hydrogen  is 
deducted. 
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70.  Heat  Loss  in  Flue  Gases 


Method  for  the  determination  of  the  loss  due 
to  the  heat  carried  from  a  boiler  in  the  dry 
stack  gases.  It  gives  this  loss  in  actual  heat 
per  pound  of  fuel  and  as  a  percentage  of 
the  total  heat  in  the  fuel,  and  it  covers  a 
wide  range  in  operating  conditions. 

The  equation  upon  which  the  chart  is 
based  is  the  conventional  one,  wherein  the 
heat  loss  in  B.T.U.  per  pound  of  fuel  is 

H  =  c(T  -  t)W 

where  c  is  the  specific  heat  of  the  stack 
gases,  here  taken  as  0.24,  an  average  value, 
T  is  the  flue-gas  temperature,  t  is  the  tem- 
perature of  the  incoming  combustion  air, 
both  temperatures  being  in  degrees  Fahren- 
heit, and  W  is  the  weight  of  flue  gases  per 
pound  of  fuel. 

It  will  be  noted  that  the  scales  for  the 
calorific  value  of  the  fuel  and  for  the  per- 
centage loss  are  double-scaled,  one  set  of 
scalings,  A,  covering  the  normal  range  for 
solid  fuels  and  the  second,  B,  covering  that 
for  oil  fuel.  In  the  use  of  the  chart  it  is 
necessary  to  be  consistent  in  the  use  of  these 
scales,  using  A  with  A  and  B  with  B. 

Procedure.  To  use  the  chart,  the  first  step 
is  to  establish  a  straight  line  through  the 
scale  points  corresponding  to  the  known 
values  for  Pounds  Dry  Flue  Gas  per  Pound 
Fuel  and  Temperature  Difference  on  their 
respective  scales  as  so  designated.  At  the 
intersection  of  this  line  with  the  scale  so 
designated  is  read  the  Loss— B.T.U.  per 
Pound  of  Fuel.  Then  a  second  straight 
line  is  established  through  this  intersection 
point  and  the  scale  point  corresponding  to 
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the  calorific  value  of  the  fuel  on  the  B.T.U. 
per  Pound  of  Fuel  scale. 

Then,  at  the  scale  point  at  the  intersec- 
tion of  this  line  with  the  Loss— Per  Cent 
scale  is  read  the  value  of  the  percentage  loss. 
Again  it  should  be  noted  that  if  A  scale  is 
used  for  the  calorific  value  of  the  fuel,  the 
A  scale  is  used  for  the  percentage  loss,  and 
likewise  with  the  B  scales. 

To  illustrate  the  use  of  the  chart,  condi- 
tions are  assumed  where  the  difference  be- 
tween combustion-air  and  flue-gas  tem- 
peratures is  300°F.,  with  35  pounds  of  flue 
gas  per  pound  of  fuel  having  been  deter- 
mined by  a  stack-gas  analysis,  the  fuel  be- 
ing an  oil  of  a  calorific  value  of  20,000 
B.T.U.  per  pound.  Then,  the  first  step  is 
in  establishing  a  straight  line  through  the 
scale  points  corresponding  to  300  on  the 
Temperature  Difference  scale  and  35.0  on 
the  Pounds  Dry  Flue  Gas  per  Pound  Fuel 
scale.  At  the  intersection  of  this  line  with 
the  scale  so  designated  the  Loss— B.T.U. 
per  Pound  of  Fuel  is  read  as  2510  (com- 
puted value  2520). 

Then,  a  second  straight  line  is  estab- 
lished through  this  point  and  the  scale 
point  for  20,000  on  the  B.T.U.  per  Pound 
of  Fuel  scale,  which  is  found  on  the  B  scale. 
Then,  the  intersection  of  this  line  with  the 
Loss— Per  Cent  B  scale  is  at  a  scale  value  of 
12.6  per  cent,  this  also  being  the  value  as 
computed. 

A  key  diagram  on  the  chart  shows  the  se- 
quence of  operations  and  should  save  time 
in  avoiding  frequent  reference  to  this  writ- 
ten discussion. 
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71.  Heat  Loss  by  Moisture  in  Flue  Gas 


Method  for  the  determination,  in  boiler  oper- 
ation, of  the  loss  attributable  to  moisture, 
in  B.T.U.  per  pound  of  fuel  and  in  per 
cent.  In  this  loss  there  are  two  components, 
both  of  which  may  be  evaluated  by  means 
of  this  chart.  The  first  component  is  the 
loss  due  to  the  moisture,  as  water,  in  the 
fuel  as  fed  to  the  boiler,  and  the  second  is 
that  due  to  combustion  of  hydrogen  in  the 
fuel,  which  forms  water,  which  must  be 
heated  to  the  stack-gas  temperature. 

As  to  the  moisture  in  the  fuel  as  fired, 
there  can  be  little  question  about  the  heat 
absorbed  in  raising  it  to  stack  temperature. 
But  as  to  the  product  of  combustion  of  the 
hydrogen,  there  is  a  difference  of  opinion 
about  how  this  factor  should  be  treated. 
However,  this  chart  is  based  upon  the  more 
pessimistic  view  as  regards  losses,  although 
the  difference  involved  in  really  quite 
small. 

There  are  two  equations  upon  which  the 
chart  is  based,  the  one  for  the  original  mois- 
ture in  the  fuel,  and  the  other  for  the  water 
created  by  the  combustion  of  the  hydrogen 
in  the  fuel.     These  equations  are 


and 


U  =  MH0 


L2  =  9.0lhH0 


(1) 
(2) 


where  Lx  is  the  heat  loss  in  B.T.U.  per 
pound  of  fuel  due  to  moisture  in  the  fuel 
as  fed  to  the  boiler,  M  is  the  moisture  con- 
tent of  the  fuel  as  fed,  as  a  decimal  figure, 
L2  is  the  loss  in  B.T.U.  per  pound  of  fuel 
as  fed  to  the  boiler,  h  is  the  hydrogen  con- 
tent of  the  fuel,  as  a  fractional  quantity, 
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and  H0  is  the  heat  required  to  bring  the 
moisture  to  the  stack  conditions. 

This  last  factor  takes  into  consideration 
the  heat  required  to  bring  the  moisture  to 
boiling  point,  to  evaporate  it,  and  then  to 
superheat  it  to  stack  temperature.  The 
amount  of  heat  required  for  this  purpose 
per  pound  of  moisture  in  the  fuel  is  evalu- 
ated in  B.T.U.  as 

tf0  =  970.4  +  180  -  K  +  0A7(ts  -  212) 

where  h0  is  the  heat  in  the  water  in  B.T.U. 
per  pound  at  the  temperature  as  fired  and  ts 
is  the  temperature  of  the  stack  gases  in  de- 
grees Fahrenheit.  The  factor  0.47  is  taken 
as  the  average  specific  heat  in  the  range 
covered. 

Procedure.  To  use  the  chart,  for  either 
of  the  two  procedures  for  which  it  is  de- 
signed, it  is  first  necessary  to  arrive  at  an 
evaluation  of  the  H0  term.  Thus,  the  first 
step  is  to  locate  in  the  intersection-type- 
nomograph  section  (of  rectangular  coordi- 
nates) the  intersection  of  the  vertical  line 
corresponding  to  the  known  value  of  Stack 
Temperature  and  the  line  (slightly  curved) 
corresponding  to  the  known  value  of  Initial 
Temperature,  interpolating  as  necessary  in 
each  case. 

Then,  from  this  point  of  intersection,  the 
vertical  height  of  this  point  is  carried  across 
this  portion  of  the  chart  to  the  right-hand 
edge  of  this  coordinate  section,  and  this  in- 
tercept is  there  noted.  This  point  is  then 
used  for  both  of  the  procedures  for  which 
the  chart  is  designed.  To  simplify  later 
discussion,  this  point  is  referred  to  as  X. 
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Heat  Loss  by  Moisture  in   Flue  Gas 

Noav,  to  determine  the  loss  due  to  mois- 
ture in  the  fuel  as  fired,  a  straight  line  is 
established  between  this  point  X  and  the 
scale  value  corresponding  to  the  known 
value  of  Moisture  Content,  and  at  the  in- 
tersection of  this  line  with  the  Heat  Loss— 
B.T.U.  per  Pound  Fuel  (here  using  the  M 
scale)  the  loss  is  read,  and  that  point  is 
noted.  Then,  by  establishing  a  second 
straight  line  through  this  point  and  the 
scale  point  corresponding  to  the  calorific 
value  of  the  fuel,  in  B.T.U.  per  Pound  Dry 
Fuel,  an  intersection  may  be  noted  with  the 
Heat  Loss— Per  Cent  scale.  It  should  be 
borne  in  mind,  however,  that,  if  the  calo- 
rific value  of  the  fuel  is  taken  on  the  A 
scale,  the  per  cent  reading  should  also  be 
on  the  A  scale,  and  likewise  for  B.  Further, 
in  determinations  for  loss  by  moisture  in 
the  fuel  as  fired,  the  percentage  figures  of 
the  chart  must  be  divided  by  10. 

For  the  second  use  of  the  chart,  the  de- 
termination of  losses  due  to  moisture  cre- 
ated by  combustion  of  hydrogen  to  form 
water,  it  is  necessary  to  refer  back  to  the 
point  established  as  X.  With  this  point 
and  the  scale  point  corresponding  to  the 
Fuel  Hydrogen  Content,  on  the  scale  so 
designated,  a  straight  line  is  established, 
and  its  intersection  is  noted  at  the  Heat 
Loss— B.T.U.  per  Pound  Fuel  axis,  this 
time  using  the  H  scaling.  Then,  another 
straight  line  through  this  point  and  the 
scale  point  corresponding  to  the  known 
calorific  value  of  the  fuel  on  the  B.T.U. 
per  Pound  Dry  Fuel  scale  will  give,  at  the 
intersection  with  the  Heat  Loss— Per  Cent 
scale,  the  value  of  that  quantity.  Again,  if 
the  A  scaling  is  used  for  one  of  the  figures, 
the  A  scaling  must  also  be  used  for  the 
other,  and  likewise  for  B. 

By  way  of  illustrating  the  use  of  the 
chart,  a  set  of  conditions  is  assumed  wherein 
the  temperature  of  the  incoming  fuel  is 
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60°F.  and  the  stack  temperature  is  600°F. 
It  is  also  taken  that  the  moisture  content  of 
the  fuel  as  fired  is  18.0  per  cent  and  the  hy- 
drogen content  of  the  fuel  (dry)  is  10.0  per 
cent. 

The  first  step  for  either  determination  is 
to  note  the  intersection,  in  the  rectangular- 
coordinate  section  of  the  chart,  of  the  ver- 
tical line  corresponding  to  600  on  the  Stack 
Temperature  scale  and  the  curve  for  60° 
Initial  Temperature.  This  intercept  is 
then  carried  horizontally  across  this  section 
of  the  chart  to  the  right-hand  edge,  and 
there  a  point  is  noted,  as  explained  above, 
as  X. 

Assuming  the  next  step  is  to  find  the 
losses  due  to  the  moisture  in  the  fuel  as 
fired,  a  straight  line  is  then  established 
through  point  X  and  the  scale  point  for 
18.0  on  the  Fuel  Moisture  Content  scale. 
Then  the  intersection  of  this  line  is  noted 
on  the  Heat  Loss  scale  M  as  234  B.T.U. 
(computed  value  being  234.846).  Another 
straight  line  is  then  established  through 
this  point  and  the  scale  point  correspond- 
ing to  the  calorific  value  of  the  fuel  in 
B.T.U.  per  pound,  assumed  as  12,000,  and 
the  intersection  of  this  line  with  the  Heat 
Loss— Per  Cent  scale  is  read  at  19.5  per 
cent.  But,  as  mentioned  before,  the  per- 
centage values  for  fuel-moisture  loss  must 
be  taken  as  the  scale  value  divided  by  10.0; 
hence  the  result  is  1.95,  where  actual  com- 
putation gives  a  value  of  1.950. 

Now,  turning  to  loss  by  hydrogen  in  the 
fuel,  the  start  is  again  at  point  X.  Through 
this  point  and  the  scale  point  correspond- 
ing to  the  Fuel  Hydrogen  Content  another 
straight  line  is  established,  which  is  found 
to  intersect  the  Heat  Loss  scale  at  a  point 
indicating  a  loss  of  1175  B.T.U.  per  pound 
of  fuel,  on  the  H  scaling,  actual  computa- 
tion  having  given  the   figure  of   1175.27. 


Heat  Loss  by  Moisture   in   Flue  Gas 

Then,  another  straight  line  is  fixed  through  A  key  diagram  on  the  chart  illustrates 
this  point  and  the  scale  point  correspond-  the  procedure  to  be  followed  in  use  of  the 
ing  to  the  calorific  value  of  the  fuel,  still  chart,  which  should  obviate  frequent  re- 
assumed  as  12,000  B.T.U.  per  pound,  and  course  to  this  text.  But  it  should  be  borne 
the  intersection  of  this  line  with  the  Heat  in  mind  that  always  the  percentage  deter- 
Loss—Per  Cent  scale  gives  a  value  of  9.83  minations  from  the  chart  with  regard  to 
per  cent,  where  computation  results  in  9.79  moisture  in  the  fuel  as  fired  must  be  multi- 
per  cent.  plied  by  0.10. 
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72.  Heat  Loss  by  Incomplete  Combustion 


Method  for  the  determination  of  the  heat  loss 
occasioned  by  part  of  the  carbon  in  fuel  be- 
ing burned  only  to  carbon  monoxide  in- 
stead of  being  completely  burned  to  carbon 
dioxide.  The  equation  upon  which  the 
chart  is  based  is  that  where  the  heat  loss 
in  B.T.U.  per  pound  of  dry  fuel  is 

L  =  10,160(C)(CO)/(CO  +  C02) 

where  C  is  the  carbon  content  of  the  dry 
fuel,  as  the  fractional  part  by  weight,  CO 
is  the  measure  of  the  carbon  monoxide  in 
the  flue  gases,  as  a  fractional  part  by  vol- 
ume, and  C02  is  the  measure  of  the  carbon 
dioxide  in  the  flue  gases,  also  as  a  fractional 
part  by  volume. 

Procedure.  The  first  step  in  the  use  of 
the  chart  is  to  locate,  in  the  intersection- 
type-nomograph  section  (rectangular  coor- 
dinates) at  the  left  side  of  the  chart,  the 
point  of  intersection  of  the  vertical  line 
whose  scale  value  corresponds  to  the  ob- 
served value  of  Carbon  Dioxide  in  Flue 
Gas  with  the  curve  whose  scale  value  cor- 
responds to  the  observed  value  of  Carbon 
Monoxide  in  Flue  Gas,  interpolating  as 
necessary.  From  this  point,  the  vertical  dis- 
tance is  carried  horizontally  along  the  hori- 
zontal lines  to  the  right-hand  edge  of  this 
portion  of  the  chart,  to  the  line  which 
forms  the  right-hand  edge. 

Then,  a  straight  line  is  established 
through  this  point  and  the  scale  point  cor- 
responding to  the  known  value  of  Carbon 
Content  of  Dry  Fuel,  on  the  scale  so  desig- 
nated. Then,  at  the  intersection  of  this 
line  with  the  Loss— B.T.U.  per  Pound  of 
Dry  Fuel  scale  is  read  that  quantity. 

To  determine  percentage  loss,  a  second 
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straight  line  is  fixed  by  this  point  and  the 
scale  point  corresponding  to  the  known  fig- 
ure for  B.T.U.  per  Pound  of  Dry  Fuel,  on 
the  scale  so  designated,  and  at  the  intersec- 
tion of  this  line  with  the  Loss— Per  Cent 
scale  is  read  the  desired  figure.  It  should 
be  noted  that  these  last  two  scales  are 
double-scaled,  with  A  and  B  scales,  which 
should  be  used  with  consistency.  Thus,  if 
the  fuel  calorific  value  is  taken  on  the  A 
scale,  the  percentage  loss  must  also  be  read 
on  its  A  scale,  and  similarly  for  B. 

To  illustrate  use  of  the  chart,  a  condition 
is  assumed  where  a  fuel  of  0.80  carbon  con- 
tent, with  a  calorific  value  of  12,000  B.T.U. 
per  pound  is  burned  to  conditions  where 
the  stack  gases  show  0.3  per  cent  carbon 
monoxide  and  14.0  per  cent  carbon  diox- 
ide. First,  the  intersection  is  noted  for  the 
vertical  line  of  14.0  for  Carbon  Dioxide  in 
Flue  Gas  and  the  curve  for  0.3  per  cent 
Carbon  Monoxide  in  Flue  Gas.  Then  fol- 
low horizontally  to  the  right  side  of  this 
section  of  the  chart  and  note  the  intercept 
on  the  vertical  line  that  forms  that  edge. 

Next,  a  straight  line  is  established 
through  this  point  and  the  scale  value  for 
80.0  on  the  Carbon  Content  of  Dry  Fuel— 
Per  Cent  scale,  and  at  the  intersection  of 
this  line  with  the  Loss— B.T.U.  per  Pound 
of  Dry  Fuel  scale  is  read  171,  computed  as 
170.53.  A  second  straight  line  fixed  by 
this  point  and  the  scale  point  for  12,000 
on  the  B.T.U.  per  Pound  of  Dry  Fuel  scale 
A  is  then  found  to  intersect  the  Loss— Per 
Cent  scale  A  at  a.  scaling  of  1.43  per  cent, 
the  computed  value  being  1.4211  per  cent. 

The  key  diagram  should  serve  to  assist 
in  use  of  the  chart,  in  showing  sequence  of 
operations  at  a  glance. 
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73.  Heat  Loss  by  Combustible  in  Refuse 


Method  for  the  determination  of  the  heat  loss 
represented  by  unburned  fuel  in  furnace 
refuse.  The  chart  is  based  upon  the  usual 
equation  for  such  determinations,  wherein 
the  heat  loss  in  B.T.U.  per  pound  of  dry 
fuel  is 

L  =  14,6004 C/(l  -  C) 

where  A  is  the  ash  content  per  pound  of 
dry  fuel  and  C  is  the  carbon  content  per 
pound  of  furnace  refuse. 

Procedure.  Use  of  the  chart  is  in  two 
stages.  First,  a  straight  line  is  established 
through  the  scale  points  corresponding  to 
known  values  of  Ash  Content  of  Dry  Fuel 
and  Carbon  Content  of  Refuse,  on  the  scales 
so  designated,  and  the  intersection  of  this 
line  with  the  B.T.U.  Loss  per  Pound  Dry 
Fuel  scale  gives  the  measure  of  that  quan- 
tity. Then,  a  second  straight  line  is  fixed 
by  this  point  and  the  scale  point  corre- 
sponding to  Fuel  Calorific  Value,  on  the 
scale  so  marked,  and  at  the  intersection  of 


this  line  with  the  Loss— Per  Cent  scale  is 
read  the  percentage  loss. 

To  illustrate  the  use  of  the  chart,  a  set 
of  conditions  is  assumed  where  analysis 
shows  8.0  per  cent  carbon  in  the  refuse, 
and  analysis  of  the  dry  fuel  showed  8.0  per 
cent  of  ash,  the  calorific  value  of  the  fuel 
being  14,000  B.T.U.  per  pound.  First,  a 
straight  line  is  established  through  the  scale 
points  for  0.08  on  the  Carbon  Content  of 
Refuse  scale  and  for  0.08  on  the  Ash  Con- 
tent of  Dry  Fuel  scale.  This  line  is  found 
to  intersect  the  B.T.U.  Loss  per  Pound  Dry 
Fuel  scale  at  a  scale  point  corresponding  to 
102  B.T.U.,  the  computed  figure  having 
been  found  to  be  101.616. 

Next,  a  second  straight  line  is  fixed  by 
this  point  and  the  scale  point  for  14,000  on 
the  Fuel  Calorific  Value  scale.  This  line  is 
found  to  intersect  the  Loss— Per  Cent  scale 
at  a  scale  point  corresponding  to  0.725  per 
cent,  where  actual  computation  gave  07258 
per  cent. 
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74.  Heat  Loss  by  Sensible  Heat  in  Refuse 


Method  for  the  determination  of  heat  loss 
in  combustion  by  reason  of  the  sensible 
heat  in  the  refuse,  which  has  had  to  absorb 
otherwise  useful  heat  in  order  to  come  to 
the  temperature  at  which  it  is  removed 
from  the  furnace.  The  chart  evaluates  this 
loss  both  in  actual  heat  units  and  as  a  per- 
centage of  the  total  heat  in  the  fuel. 

The  basic  equation  for  the  chart  is  the 
usual  one  for  finding  this  quantity,  the 
heat  loss  in  B.T.U.  per  pound  of  dry  fuel 
fired  being 

L  =  TA(0.S29  +  °-^) 

where  T  is  the  difference  in  degrees  Fahren- 
heit between  the  temperature  of  the  fuel 
as  fired  and  the  temperature  of  the  refuse 
as  removed  from  the  furnace,  A  is  the  ash 
content  of  the  dry  fuel,  expressed  as  a  deci- 
mal, and  C  is  the  carbon  content  of  the 
refuse.  0.529  and  0.572  have  been  taken  as 
the  specific  heats  of  ash  and  carbon,  re- 
spectively. 

Procedure.  The  first  step  in  the  use  of 
the  chart  is  to  establish  a  straight  line 
through  the  scale  points  corresponding  to 
the  known  values  of  Ash  in  Dry  Fuel  and 
Carbon  in  Refuse,  on  the  scales  so  desig- 
nated. Then,  at  the  intersection  of  this 
line  with  the  blank  axis,  the  intercept  is 
noted.  A  second  straight  line  is  fixed  by 
this  point  and  the  appropriate  scale  point 
on  the  Temperature  Difference  scale,  and 
then  at  the  intersection  of  this  line  with 


the  B.T.U.  Loss  per  Pound  Dry  Fuel  scale 
is  read  the  value  of  this  loss.  Then,  a  third 
straight  line  is  fixed  by  this  point  and  the 
B.T.U.  per  Pound  Dry  Fuel  scale,  and  at 
the  intersection  of  this  line  with  the  Loss— 
Per  Cent  scale  the  loss  is  read  in  per  cent. 

To  illustrate  the  use  of  the  chart,  a  set 
of  conditions  is  assumed  where,  with  a  fuel 
having  a  calorific  value  of  14,000  B.T.U. 
per  pound,  dry,  the  ash  content  of  the  dry 
fuel  has  been  determined  as  8.0  per  cent, 
and  the  amount  of  carbon  in  the  lefuse  as 
30.0  per  cent,  while  the  difference  between 
the  temperature  of  the  fuel  as  fired  and  the 
temperature  of  the  refuse  as  removed  from 
the  furnace  is  1200°F. 

First,  a  straight  line  is  established 
through  the  scale  point  for  0.30  on  the 
Carbon  in  Refuse  scale  and  0.08  on  the 
Ash  in  Dry  Fuel  scale.  The  intercept  of 
this  line  is  noted  on  the  blank  axis  and  a 
second  straight  line  is  established  by  this 
point  and  the  scale  point  for  1200  on  the 
Temperature  Difference  scale.  This  line 
is  found  to  intersect  the  B.T.U.  Loss  per 
Pound  Dry  Fuel  scale  at  a  scale  point  corre- 
sponding to  74.3  B.T.U.,  whereas  the  com- 
puted figure  is  74.286.  Then,  a  third  line, 
fixed  by  this  point  and  the  scale  point  for 
14,000  on  the  B.T.U.  per  Pound  Dry  Fuel 
scale,  is  found  to  intersect  the  Loss— Per 
Cent  scale  at  a  scale  point  of  0.53  per  cent, 
the  computed  value  being  0.5307  per  cent. 

A  key  diagram  on  the  chart  illustrates  the 
sequence  of  operations  necessary  and  should 
obviate  frequent  reference  to  this  text. 
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75.  Boiler  Efficiency 


Method  for  the  determination  of  the  heat-ab- 
sorption efficiency  of  boilers,  which,  in  com- 
bination with  the  foregoing  charts,  rounds 
out  a  series  which  covers  the  main  items  of 
a  boiler  heat  balance.  Two  equations  form 
the  basis  for  this  chart,  the  first  of  which 
is  for  heat  absorption  by  the  boiler  per 
pound  of  fuel. 


H, 


91QAFW 


where  F  is  the  factor  of  evaporation  and  W 
is  the  actual  evaporation  in  pounds  of  water 
per  pound  of  fuel. 

The  second  equation  is  the  actual  effi- 
ciency equation,  where  the  efficiency,  in  per 
cent,  is 

E  =  \00H2/H1 

where  H2  is  the  heat  absorption  per  pound 
of  fuel  and  H^  is  the  calorific  value  of  the 
fuel  itself.  H2  is  based  upon  the  first  stage 
mentioned  above,  the  heat  values  being  in 
B.T.U. 

Procedure.  To  use  the  chart,  the  first 
stage  consists  in  establishing  a  straight  line 
through  the  scale  points  corresponding  to 
the  known  values  of  Evaporation— Pounds 
Water  per  Pound  Fuel  and  Factor  of  Evapo- 
ration. Then,  at  the  intersection  of  this 
line  with  the  double-scaled  B.T.U.  Ab- 
sorbed per  Pound  Fuel  and  Equivalent 
Evaporation  scale,  either  of  those  items  may 
be  read  on  the  scale  points  of  the  inter- 
section. 

Next,  a  second  straight  line  is  established 


through  this  point  and  the  scale  point  cor- 
responding to  the  known  value  for  B.T.U. 
per  Pound  Fuel  Fired,  and  at  the  intersec- 
tion of  this  line  with  the  Efficiency  scale 
may  be  read  the  figure  for  efficiency  of  heat 
absorption.  Note  must  be  taken  that  the 
scale  for  fuel  calorific  value  is  double-scaled, 
each  scale  covering  a  different  section  of  the 
range  of  this  variable,  one  section  being 
designated  as  A  and  the  other  as  B.  Then, 
if  the  calorific  value  is  taken  on  the  A  scale, 
the  efficiency  must  be  read  on  the  A  Effi- 
ciency scale,  and  likewise  with  B. 

To  illustrate  the  use  of  the  chart,  a  set 
of  conditions  is  assumed,  where  the  factor 
of  evaporation  is  1.10,  the  actual  evapora- 
tion is  9.00  pounds  of  water  per  pound  of 
fuel,  and  the  calorific  value  of  the  fuel  is 
14,000  B.T.U.  per  pound. 

First,  a  straight  line  is  established  through 
the  scale  points  for  1.10  on  the  Factor  of 
Evaporation  scale  and  9.00  on  the  Evapo- 
ration—Pounds Water  per  Pound  Fuel 
scale.  Then,  on  the  double-scaled  axis,  the 
intersection  of  this  line  is  at  scale  points 
corresponding  to  9.90  pounds  per  pound 
as  the  Equivalent  Evaporation  (the  true 
figure)  and  9610  B.T.U.  Absorbed  per 
Pound  Fuel,  the  computed  value  being 
9607. 

A  second  straight  line  is  then  fixed  by 
this  point  and  the  scale  point  for  14,000 
on  the  B.T.U.  per  Pound  Fuel  scale  A,  and 
the  intersection  of  this  line  with  the  Effi- 
ciency scale  A  is  at  a  scale  point  indicating 
68.7  per  cent,  the  computed  value  being 
68.64. 
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Group  VI 
ELECTRICAL  CHARTS 


This  group  comprises  17  charts  having 
to  do  with  the  solution  of  problems  in  the 
electrical  field.  The  first  five  of  the  group 
are  of  rather  general  interest  to  engineers 
in  various  fields,  treating  of  voltage  drop 
in  conductors,  power  measurements,  power- 
factor  correction,  etc.  These  are  problems 
which,  although  they  are  electrical,  are  fre- 
quently met  in  engineering  fields  other 
than  purely  electrical. 

The  remaining  12  charts  of  this  group, 
however,  are  in  a  rather  specialized  field  of 
electrical  engineering.  They  have  to  do 
with  solution  of  problems  in  electrical 
transmission  lines,  and  while  the  field  of 
their  use  may  be  narrow,  their  value  in 
saving  time  makes  it  seem  worth  while  to 


include  them  in  this  volume.  They  are 
based  upon  the  basically  exact  equations 
rather  than  any  of  the  various  approximate 
solutions,  but  those  exact  equations  involve 
so  much  tedious  computation  that  they  are 
ordinarily  used  only  when  the  results  are 
of  primary  importance. 

These  charts,  however,  reduce  the  time 
of  solution  by  the  exact  basis  to  minutes 
whjere  it  would  be  hours  for  actual  com- 
putation. Many  of  the  quantities  involved 
are  mathematically  imaginary  or  complex, 
but  the  charts  have  been  designed  to  han- 
dle such  quantities,  and  their  transforma- 
tion from  one  system  of  measure  to  an- 
other, with  great  ease. 
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Charts  in  Group  VI 

76.  Voltage  Drop  in  Conductors 

77.  Power  Measurement  by  Watt-hour 
Meter 

78.  Power  Factor  and  Total  Power 

79.  Power  Factor  and  Reactive  Power 

80.  Power-factor  Correction 

81.  Equivalent  Spacing 

82.  Inductance  and  Reactance 

83.  Capacitance  and  Susceptance 

84.  Hyperbolic  Angle 

85.  Hyperbolic  Cosine  of  Hyperbolic 
Angle 

86.  Surge  Impedance 

87.  Hyperbolic  Sine  of  Hyperbolic 
Angle 

88.  Surge  Admittance 

89.  Voltage-characteristics  Evaluation 

90.  Current-characteristic  Factors  (I) 

91.  Current-characteristic  Factors  (II) 

92.  Vector  Equivalents 
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76.  Voltage  Drop  in  Conductors 


Method  for  the  determination  of  the  line 
drop  due  to  ohmic  resistance,  disregarding 
inductance  and  capacitance  effects.  It 
thus  applies  to  comparatively  short  lines, 
such  as  distribution  branch  circuits,  where 
inductance  and  capacitance  effects  are  neg- 
ligible. Under  other  conditions,  the  solu- 
tion of  such  problems  is  far  more  compli- 
cated, and  recourse  should  be  had  to  Charts 
81  to  92,  which  do  take  into  account  all 
conditions. 

As  to  this  chart,  however,  a  great  per- 
centage of  the  problems  to  which  it  ap- 
plies have  to  do  with  direct  current  or 
single-phase  alternating  current,  where  the 
circuit  consists  of  but  two  conductors. 
Accordingly,  the  chart  takes  into  consider- 
ation the  distance  from  supply  to  load, 
rather  than  the  total  length  of  conductor. 
Where  the  drop  in  each  conductor  must  be 
found,  it  will  be  one-half  the  result  ob- 
tained from  this  chart. 

The  chart  is  based  upon  the  conven- 
tional figures  stemming  from  the  usual  as- 
sumption that  the  resistance  of  a  copper 
conductor  is  10.37  ohms  per  mil-foot.  For 
a  two-conductor  circuit,  then,  the  resist- 
ance would  be  20.73  ohms  per  mil-foot  (of 
distance  to  the  load),  and  the  voltage  drop 
would  be  this  quantity  multiplied  by  the 
value  of  current  (voltage  drop  being  equal 
to  product  of  current  and  resistance).  The 
equation  for  voltage  drop  for  a  two-wire 
circuit  would  then  be  that  line  drop  in 
volts  is 


E  =  20.73LI/A 


where  L  is  the  length  of  two-conductor  cir- 
cuit in  feet,  /  is  the  line  current  in  amperes, 
and  A  is  the  cross-sectional  area  of  the 
conductor  in  circular  mils. 

Procedure.  To  use  the  chart  to  deter- 
mine line  drop,  the  first  step  is  to  establish 
a  straight  line  through  the  scale  points  cor- 
responding to  the  known  values  of  Cur- 
rent—Amperes and  Length  of  Each  Con- 
ductor on  the  scales  so  designated.  The 
intersection  of  this  line  with  the  blank  axis 
is  then  noted,  and  a  second  straight  line  is 
then  fixed  by  this  point  and  the  scale  point 
corresponding  to  the  Wire  Size,  on  the 
scale  so  marked  and  scaled  with  regard  to 
area  as  well  as  gauge  number.  Then,  Line 
Drop— Volts  is  read  at  the  intersection  of 
this  line  with  the  scale  so  marked. 

If  the  line  drop  is  limited  and  the  wire 
size  is  to  be  determined,  the  second  stage  in 
the  use  of  the  chart  is  to  fix  the  second 
line  by  the  point  on  the  blank  axis  and 
the  scale  point  corresponding  to  the  per- 
missible Line  Drop  value,  and  at  the  inter- 
section of  this  line  with  the  Wire  Size  scale 
the  result  is  read. 

To  illustrate  the  use  of  the  chart,  a 
condition  is  assumed  where  the  line  cur- 
rent is  80.0  amperes,  the  length  of  (two- 
conductor  circuit)  line  is  400  feet,  and  the 
wire  size  is  No.  2  A.W.G.  First,  a  straight 
line  is  established  through  the  scale  point 
for  80.0  on  the  Current  scale  and  400  on 
the  Length  of  Each  Conductor  scale,  and 
the  intersection  of  this  line  with  the  blank 
axis  is  noted. 

Then,  a  second  line  is  fixed  through  this 
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Voltage   Drop  in  Conductors 

point  and  the  scale  point  for  No.  2  on  the  A  key  diagram  on  the  chart  illustrates 

Wire   Size   scale,   and   the   intersection    is  procedure  in  use  of  the  chart  and  should 

noted  on  the  Line  Drop  scale  as  10.2  volts.  serve   to   save   frequent  reference   to   this 

By  actual  computation,  the  result  is  10.195.  text. 
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77.  Power  Measurement  by  Watt-hour 
Meter 


Method  for  the  determination  of  the  elec- 
trical power  in  kilowatts  or  equivalent 
electrical  horsepower  input  to  a  circuit 
from  observations  of  a  watt-hour  meter. 
Such  instruments  usually  bear,  either  on 
the  meter  disc  or  on  the  name  plate,  a 
figure  indicating  the  number  of  watt-hours 
per  revolution  of  the  disc,  and  this  is  used 
as  the  basis  for  evaluating  the  power  by 
measuring  the  time  required  for  the  disc 
to  make  a  number  of  revolutions  and  from 
this  arriving  at  the  average  rate  of  the  disc 
in  revolutions  per  minute  through  the 
period  of  observation. 

Derivation  of  the  equation  for  the  power 
so  indicated  is  a  simple  matter,  and  it  is 
necessary  to  go  no  further  than  to  give  the 
equation,  and  upon  it  the  chart  is  based. 
The  average  power  through  the  meter  for 
the  period  of  observation,  in  kilowatts,  is 

Kw  =  0.06CwCtN 

where  Cw  is  the  disc  constant  of  the  watt- 
hour  meter,  in  watt-hours  per  revolution, 
Ct  is  the  product  of  the  ratios  of  current 
and  potential  transformers,  if  any,  and  N 
is  the  speed  of  the  disc  rotation  in  revolu- 
tions per  minute.  Naturally,  if  there  are 
no  instrument  transformers,  Ct  will  be 
1.00,  and  if  either  current  or  potential 
transformer  is  absent,  Ct  will  be  the  ratio 
of  the  other. 

Procedure.  To  use  the  chart,  a  straight 
line  is  first  established  through  the  scale 
points  corresponding  to  the  known  values 


for  Meter  Disc  Constant  and  Product  of 
Instrument  Transformer  Ratios,  on  the 
scales  so  designated.  At  the  intersection 
of  this  line  with  the  blank  axis  is  noted  a 
point  which  is  a  measure  of  the  disc  con- 
stant for  the  installation,  and  the  same 
point  is  used  for  any  studies  having  to  do 
with  the  plant  under  various  conditions 
of  loading. 

The  second  step  is  to  establish  a  second 
straight  line  through  this  point  and  the 
scale  point  corresponding  to  the  observed 
disc-rotation  speed  on  the  Disc  R.P.M. 
scale.  Then,  at  the  intersection  of  this  line 
with  the  central  scale  the  average  power 
may  be  read  on  either  the  Average  Kilo- 
watts Load  or  the  Average  Horsepower— 
(Electrical)  scale.  If  the  load  is  a  motor, 
the  shaft  horsepower  may  then  be  deter- 
mined from  its  efficiency  characteristic. 

To  illustrate  the  use  of  the  chart,  a  set 
of  conditions  is  assumed  where  the  disc 
constant,  or  the  number  of  watt-hours  per 
revolution,  is  10.0,  and  the  product  of  the 
instrument  transformer  ratios  is  30.0. 
Under  these  conditions,  an  observation  is 
assumed  to  show  a  disc  speed  of  4.00  revo- 
lutions per  minute. 

First,  a  straight  line  is  established 
through  10.0  on  the  Meter  Disc  Constant 
scale  and  30.0  on  the  Product  of  Instru- 
ment Transformer  Ratios  scale,  and  a  point 
is  noted  at  the  intersection  of  this  line  with 
the  blank  axis.  Then,  a  second  line  is 
fixed  by  this  point  and  the  scale  point  for 
4.00  on  the  Disc  R.P.M.  scale,  and  at  its 
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Power  Measurement  by  Watt-hour  Meter 

intersection  with  the  central  scale,  the  load  that  the  variation  is  direct,  and  if  it  is  nec- 

is   read  as   72.0   (the   true   value)   on    the  essary  to  multiply  any  one  of  the  factors  by 

Average    Kilowatts    Load    scale    and    96.6  10,  the  final  result  is  to  be  multiplied  by 

on    the   Average   Horsepower— (Electrical)  0.1,  and  similarly  for  other  multipliers, 
scale,  the  computed  value  being  96.515.  A  key  diagram  on  the  chart  should  serve 

For  values  of  the  variables  beyond  the  to  obviate  frequent  reference  to  this  text  on 

scale  limits,  it  need  be  remembered  only  repetition  of  use  of  the  chart. 
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78.  Power  Factor  and  Total  Power 


Method  for  the  determination  of  the  total 
power  in  three-phase  electrical  circuits,  as 
well  as  the  power  factor  and  phase  angle, 
when  two  single-phase  wattmeters  are  used. 
In  this  arrangement,  each  of  the  two  instru- 
ments has  its  current  coil  connected  into 
one  of  the  phase  conductors  and  its  po- 
tential coil  connected  between  its  own 
phase  conductor  and  the  third  conductor. 
The  total  power  in  the  system  is  the  sum, 
algebraically,  of  the  two  instrument  read- 
ings. At  power  factors  below  50  per  cent, 
one  instrument  must  be  reversed,  since  the 
indication  is  negative.  The  power  factor 
is,  of  course,  the  cosine  of  the  phase  angle, 
and  the  expression  showing  this  angle  with 
regard  to  the  readings  of  the  two  watt- 
meters is 

Wi  _  cos  (30°  -  0) 

W2  ~  cos  (30°  +  <f>) 

where  W\  is  the  larger  of  the  two  watt- 
meter readings,  W2  is  the  smaller,  and  <p  is 
the  phase  angle,  the  power  factor  being  then 
cos  </>. 

Naturally,  the  scale  ranges  cannot  cover 
all  possible  cases,  so  in  any  set  of  observa- 
tions the  actual  readings  should  be  multi- 
plied by  some  factor  that  will  give  results 
within  the  scale  ranges,  afterward  multiply- 
ing the  total  power  finding  by  the  recipro- 
cal of  that  same  factor.  If  instrument  trans- 
formers are  used,  the  result  so  found  must 
also  be  multiplied  by  the  product  of  the 
ratios  of  current  and  potential  transformers. 

Procedure.  To  use  the  chart,  a  single 
operation  is  all  that  is  required.  This  con- 
sists in  establishing  a  straight  line  through 
the  scale  points  corresponding  to  the  values 
of  Larger  Wattmeter  Reading  and  of 
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Smaller  Wattmeter  Reading  (using  multi- 
pliers as  necessary,  in  accordance  with  the 
remarks  above).  Then,  at  the  intersection 
of  this  line  with  the  Total  Power  scale  is 
read  that  quantity,  using  multipliers  when 
necessary,  as  explained.  Also,  at  the  inter- 
section of  this  line  with  the  sloping  scale 
may  be  read  the  values  of  Phase  Angle  and 
Power  Factor.  These  readings  are  actual 
values,  and  no  adjustment  by  multipliers 
is  necessary.  Obviously,  however,  the  same 
multipliers  must  be  used  for  the  readings 
of  the  two  instruments. 

To  illustrate  the  use  of  the  chart,  it  may 
be  assumed  that  one  instrument  reads  150 
watts  and  the  other  reads  50  watts.  To 
bring  these  figures  within  the  scale  limits, 
a  multiplier  of  0.1  is  used  to  give  values 
of  15.0  and  5.00.  Then,  a  straight  line  is 
established  through  the  scale  points  for 
15.0  on  the  Larger  Wattmeter  Reading 
scale  and  5.00  on  the  Smaller  Wattmeter 
Reading  scale.  At  the  intersection  of  this 
line  with  the  sloping  scale,  the  phase  angle 
is  read  as  40.9°  and  the  power  factor  is  read 
as  75.5.  Computation  gives  results  of 
40.91°  and  75.58  per  cent. 

At  the  intersection  of  the  established  line 
with  the  Total  Power  scale  is  read  the  fig- 
ure 20.0,  and  this  must  then  be  multiplied 
by  the  reciprocal  of  the  multiplier  orig- 
inally used.  So,  the  true  total  is  10.0  times 
the  observed  result,  or  200.  Then,  if  in- 
strument transformers  are  used,  this  fig- 
ure must  be  multiplied  by  the  product  of 
their  ratios.  Thus,  if  4 : 1  potential  trans- 
formers and  10:1  current  transformers  are 
used,  the  figure  above  must  be  multiplied 
by  4  X  10,  or  40,  and  the  final  result  is 
8,000. 


3NIQV3a  «313W11WM  «39dVH 


H3M0d  HVlQi 

8  a 

J , I.,„i„„i 


197 


79.  Power  Factor  and  Reactive  Power 


Method  for  the  determination  of  various 
characteristics  of  an  alternating-current 
electrical  load.  It  presents  the  relationship 
between  the  four  elements  (1)  true  power 
in  kilowatts,  the  energy  component  of  the 
electrical  load,  (2)  the  reactive  power  in 
kilovars,  which  is  generally  a  magnetizing 
component,  vectorially  displaced  90°  from 
the  real  component,  (3)  the  kilovolt-ampere 
load  on  the  circuit,  the  numerical  product 
of  current  and  voltage,  without  regard  for 
vectorial  angles,  and  (4)  the  power  factor. 
This  last  item  is  the  cosine  of  the  phase 
angle  as  well  as  being  the  ratio  of  (1)  to  (3) 
above. 

The  mathematical  basis  for  the  relation- 
ship of  items  (1),  (2),  and  (3)  is  that 

KVA2  =  KW2  +  KVAR2 
where  KVA  is  the  kilovolt-ampere  product, 
KW  is  the  value  of  true  power,  and  KVAR 
is  the  reactive  power,  as  described  above. 

Procedure.  To  use  the  chart,  it  is  neces- 
sary only  to  establish  a  straight  line  through 
the  scale  points  corresponding  to  any  two 
of  the  items  (1)  to  (4)  above.  Then,  at  the 
intersection  of  this  line  with  the  other  scales 
the  missing  quantities  are  read  directly. 
The  kilovolt-ampere  component  (3)  is  the 
simple  product  of  current  in  amperes  and 
potential  in  volts  for  a  single-phase  circuit, 
whereas  it  is  this  product  multiplied  in 
turn  by  the  square  root  of  3,  or  1.7321,  for 
three-phase  circuits. 

Where  the  known  figures  are  beyond  the 
scale  limits  (except  power  factor),  they 
should  be  multiplied  by  some  factor  which 
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will  bring  the  figures  within  the  limits, 
later  multiplying  the  results  by  the  recipro- 
cal of  that  factor. 

To  illustrate  the  use  of  the  chart,  a  set  of 
conditions  is  assumed  where  the  wattmeter 
observation  shows  the  real  power  to  be  50.0 
kilowatts,  with  the  product  of  voltmeter  and 
ammeter  readings  indicating  60.0  kilovolt- 
amperes.  A  straight  line  is  established 
through  the  scale  point  of  50.0  on  the  Kilo- 
watts—Real scale  and  that  for  60.0  on  the 
Kilovolt- Amperes  scale.  Then,  at  the  in- 
tersection of  this  line  with  the  Power  Fac- 
tor scale,  that  value  is  read  as  83.3  per  cent, 
and  at  its  intersection  with  the  Kilowatts- 
Reactive  scale,  this  value  is  read  as  33.3. 
The  computed  figures  are  83.33  per  cent 
and  33.17,  respectively. 

Taking  a  more  complex  operation,  as- 
sume average  voltmeter  readings  of  110.0, 
average  ammeter  readings  of  4.00,  and  a 
wattmeter  reading  of  600,  with  a  potential 
transformer  ratio  of  4:1  and  a  current 
transformer  ratio  of  50: 1.  True  voltage  is 
then  440,  and  current  200,  with  the  wattage 
120.0  kilowatts.  Assuming  also  a  three- 
phase  circuit,  the  kilovolt-ampere  value  is 
1.732  X  440  x  200/1,000,  or  152.42.  Both 
kilowatt  and  kilovolt-ampere  figures  are 
beyond  the  scale  limits,  so  it  is  suggested 
that  they  be  multiplied  by  0.5,  giving  fig- 
ures of  60.0  and  76.21. 

Then,  a  straight  line  is  established 
through  the  scale  point  for  60.0  on  the 
Kilowatts— Real  scale  and  76.21  on  the  Kilo- 
volt-Amperes  scale.  At  the  intersection  of 
this  line  with  the  Power  Factor  scale,  the 
reading  is  79.0  per  cent  (computed  value 
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Power  Factor  and   Reactive  Power 

78.73),  for  which  no  correction  is  necessary. 
At  the  intersection  of  the  same  line  with 
the  Kilowatts— Reactive  scale,  the  value  is 
read  as  46.7.     But  the  basic  figures  were 


multiplied  by  0.5  to  come  within  scale 
limits,  so  this  result  must  be  multiplied  by 
2.0,  becoming  93.4.  The  computed  value 
is  94.0. 
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80.  Power-factor  Correction 


Method  for  the  determination  of  capacitor 
rating  to  bring  the  power  factor  of  an  elec- 
trical system  from  a  known  original  condi- 
tion to  a  desired  improved  condition.  With 
utility  rates  often  carrying  penalties  for  low 
power  factor  and  bonuses  for  high  power 
factor,  capacitor  installations  often  repay 
their  costs  in  but  2  or  3  years,  and  this  chart 
will  assist  in  arriving  at  optimum  ratings 
of  installations. 

The  capacitor  rating  necessary  to  bring 
the  power  factor  of  a  system  to  another 
value  is  equal  to  the  difference  in  the  reac- 
tive power  associated  with  the  load  under 
the  two  different  conditions.  The  reactive 
power,  KVAR,  per  kilowatt  of  real  power 
in  a  system  is  equal  to  the  tangent  of  the 
angle  whose  cosine  is  the  power  factor,  this 
latter  quantity  being  expressed  as  a  deci- 
mal, rather  than  in  per  cent.  These  facts 
are  pointed  out  as  indicating  the  basis  for 
the  design  of  the  chart,  but  they  do  not 
have  to  be  considered  in  using  the  chart, 
since  the  scalings  take  these  relationships 
into  account. 

Procedure.  In  using  the  chart,  the  first 
step  is  in  the  establishment  of  a  straight 
line  through  the  scale  points  corresponding 
to  the  values  of  known  Original  Power 
Factor  and  desired  Corrected  Power  Factor, 
on  their  respective  scales.  Then,  at  the 
intersection  of  this  line  with  the  scale  so 
designated  is  read  the  scale  value  for  Ca- 
pacitor Requirement  per  Kilowatt.  Next, 
a  second  straight  line  is  fixed  by  this  point 
and  the  scale  point  corresponding  to  the 
known  value  of  Load— Kilowatts,  and  the 


scale  point  of  the  intersection  of  this  line 
with  the  Capacitor  Requirement  scale  will 
give  the  required  figure. 

It  should  be  noted  that  in  connection 
with  the  second  operation,  double  scaling 
appears  on  Load— Kilowatts  and  Capacitor 
Requirement  scales,  one,  in  each  case,  be- 
ing marked  A  and  the  other  B.  These  al- 
ternate scalings  will  serve  to  bring  any 
values  into  portions  of  the  scales  which  re- 
sult in  best  conditions  for  accuracy.  But 
when  the  A  scale  is  used  for  one,  the  A  scale 
must  be  used  for  the  other,  and  likewise 
with  the  B  scales. 

Further,  for  values  falling  outside  the 
scale  limits,  the  actual  load  figure  may  be 
multiplied  by  any  factor  suitable  for 
achieving  a  figure  within  the  scale  limits, 
afterward  multiplying  the  result  by  the  re- 
ciprocal of  the  original  factor.  This,  to- 
gether with  the  double-scaling  feature, 
gives  wide  latitude  in  adjustment  to  obtain 
the  greatest  accuracy. 

Thus,  if  the  kilowatt  load  is  3.00,  that 
scale  point  on  the  A  scale  could  be  used, 
but  greater  accuracy  is  possible  by  using 
the  same  value  on  the  B  scale.  Or,  the 
scale  point  for  30.0  on  the  A  scale  might  be 
used,  later  dividing  the  figure  for  capacitor 
requirement  by  10. 

To  illustrate  the  use  of  die  chart,  a  set 
of  conditions  is  assumed  where  the  load  is 
10.00  kilowatts,  the  original  power  factor 
is  75.0  per  cent,  and  it  is  desired  to  raise  it 
to  95.0  per  cent.  First,  a  straight  line  is 
established  through  the  scale  points  for  75.0 
on  the  Original  Power  Factor— Per  Cent 

201 


Power-factor  Correction 

scale  and  95.0  on  the  Corrected  Power  Fac-  and  at  the  intersection  of  this  line  with  the 

tor— Per  Cent  scale,  and  at  the  intersection  Capacitor  Requirement  scale  this  result  is 

of  this  line  with  the  Capacitor  Require-  read,  5.55  when  using  the  A  scales  and  5.50 

ment  per  Kilowatt  scale  is  read  the  scale  when   using   the  B   scales,   the   computed 

value  0.552  (computed  value  0.5531).  value  being  5.531. 

Then,  a  second  straight  line  is  fixed  by  A  key  diagram  on  the  chart  should  serve 

this  point  and  the  scale  point  correspond-  as  a  guide  in  use  of  the  chart,  saving  fre- 

ing  to  10.0  on  the  Load— Kilowatts  scale,  quent  reference  to  this  text. 
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81.  Equivalent  Spacing 


Method  for  the  determination  of  the  equiva- 
lent uniform  spacing  of  the  three  conduc- 
tors of  a  three-phase  electrical  system  where 
the  actual  spacing  is  not  uniform.  Where 
computations  are  necessary  on  three-phase 
circuit  characteristics,  this  is  one  of  the 
basic  items  of  information,  and  while  the 
equation  involved  is  simple,  its  solution  re- 
quires a  series  of  computations  and  refer- 
ence to  cube-root  tables,  all  of  which  take 
far  more  time  than  is  necessary  with  this 
chart. 

The  basic  equation,  as  stated,  is  simple 
and  is  the  one  generally  used.  The  equiva- 
lent spacing,  in  whatever  units  may  be 
used,  is 


where  a,  b,  and  c  are  the  actual  spacings 
between  each  combination  of  two  of  the 
three  conductors.  Naturally,  the  units 
must  be  consistent,  i.e.,  if  the  individual 
spacings  are  measured  in  inches,  the  equiva- 
lent spacing  will  be  in  the  same  unit.  Ob- 
viously, all  three  individual  spacings  must 
be  in  the  same  units. 

Procedure.  In  the  chart,  the  scale  limits 
are  not  identical,  so  the  two  smaller  spac- 
ings may  be  designated  as  A  and  C.  Then, 
the  first  step  in  use  of  the  chart  is  to  estab- 
lish a  straight  line  through  the  scale  points 
for  A  and  B  on  the  Spacing  A  &  C  and  Spac- 
ing B  scales,  respectively.  The  intersection 
of  this  line  is  then  noted  on  the  blank  axis. 
A  second  line  is  then  fixed  by  this  point 
and  the  scale  point  corresponding  to  the 


value  of  C  on  the  Spacing  A  &  C  scale. 
Then,  at  the  intersection  of  this  line  with 
the  Equivalent  Spacing  scale  may  be  read 
the  value  for  this  quantity,  in  the  units 
used  for  the  individual  spacings.  The  unit 
employed  may  be  any  measurement  of 
length,  even  to  a  multiple  of  a  basic  unit, 
should  this  be  necessary  to  bring  the  given 
values  within  the  limits  of  the  scalings. 

To  illustrate  the  use  of  the  chart,  a  con- 
dition may  be  assumed  wherein  two  con- 
ductors are  carried  at  one  level,  at  opposite 
sides  of  a  pole  near  the  ends  of  an  arm, 
1 1.0  feet  apart,  with  the  third  conductor  8.0 
feet  higher,  on  the  vertical  center  line  be- 
tween the  other  two.  Simple  computation, 
or  the  use  of  Chart  23,  gives  the  distance  be- 
tween the  upper  conductor  and  each  of  the 
other  two  as  9.708  feet.  The  actual  spac- 
ings are  then  9.708  for  A,  11.000  for  B, 
and  9.708  for  C. 

Accordingly,  a  straight  line  is  established 
through  the  scale  point  for  9.708  on  the 
Spacing  A  &  C  scale  and  the  scale  point  for 
11.00  on  the  Spacing  B  scale,  and  the  inter- 
section of  this  line  is  noted  on  the  blank 
axis.  A  second  straight  line  is  then  fixed 
through  this  point  and  the  scale  point  for 
9.708  on  the  Spacing  A  &  C  scale  (again). 
Then,  at  the  intersection  of  this  line  with 
the  Equivalent  Spacing  scale,  the  result  is 
read  as  10.15  feet,  the  computed  value  be- 
ing 10.186  feet. 

A  key  diagram  on  the  chart  should  serve 
to  avoid  frequent  reference  to  this  text,  by 
indicating  the  proper  sequence  of  opera- 
tions. 
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82.  Inductance  and  Reactance 


Method  for  the  determination  of  the  self-in- 
ductance and  reactance  of  each  conductor 
of  a  single-phase,  two-conductor  line,  or  of 
each  conductor  of  a  three-phase,  three-con- 
ductor line.  Tables  are  available  for  these 
functions  in  any  electrical  engineers'  hand- 
book, but  they  have  marked  limitations. 
Interpolation  is  necessary  more  often  than 
not  and,  if  accurately  done,  is  a  time-con- 
suming process.  Further,  to  be  complete, 
the  table  must  be  complete  for  each  fre- 
quency, and  rarely  does  coverage  extend  be- 
yond 60-  and  possibly  25-cycle  frequency. 

This  chart,  however,  is  believed  to  cover 
all  of  the  practical  range  of  all  variables, 
with  accuracy  equal  to  any  tables,  and, 
further,  solution  is  possible  with  far  greater 
ease  and  in  a  fraction  of  the  time.  The 
chart  is  based  upon  two  equations,  the  first 
of  which,  for  inductance,  is  to  the  effect 
that  inductance  in  millihenrys  per  mile  for 
each  conductor  is 

L  =  0.08047  +  0.74113  log10  {ID Id) 

where  D  is  the  equivalent  conductor  spac- 
ing between  centers  and  d  is  the  conductor 
diameter,  both  being  in  the  same  units  of 
measurement. 

The  second  equation  is  that  for  react- 
ance, wherein  the  reactance  in  ohms  per 
mile  for  each  conductor  is 

X  =  2wfLl  1,000 

where  /  is  the  system  frequency  in  cycles 
per  second  and  L  is  as  above.  In  the  case 
of  stranded  conductors,  d  is  taken  as  the 
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diameter  of  a   solid  round  conductor   of 
area  equivalent  to  the  stranded  conductor. 

Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 
corresponding  to  the  known  values  of  Con- 
ductor Spacing  (equivalent)  and  Conductor 
Diameter,  or  Wire  Size,  on  the  scales  so 
designated.  Then,  at  the  intersection  of 
this  line  with  the  central  vertical  scale  is 
read  the  Inductance  of  Each  Conductor,  in 
millihenrys,  either  per  mile  or  per  1,000 
feet. 

A  second  straight  line  is  then  fixed  by 
this  point  and  the  scale  point  correspond- 
ing to  the  known  value  for  Frequency,  on 
that  scale.  Then,  at  the  intersection  of  that 
line  with  the  sloping  scale,  the  scale  point 
indicates  the  value  of  Inductive  Reactance 
of  Each  Conductor,  in  ohms,  again  either 
per  mile  or  per  1,000  feet. 

To  illustrate  the  use  of  the  chart,  a  case 
may  be  assumed  where,  the  system  fre- 
quency being  60  cycles,  the  equivalent  spac- 
ing of  the  conductors  is  10.15  feet,  with  a 
conductor  diameter  of  0.3648  inch,  the  size 
being  No.  00  A.W.G.  First,  a  straight  line 
through  the  scale  point  for  10.15  on  the 
Conductor  Spacing  scale  and  No.  00  Wire 
Size  (or  0.3648  Conductor  Diameter)  on 
the  appropriate  scale  is  found  to  intersect 
the  central  vertical  scale  at  a  scaling  indi- 
cating Inductance  of  Each  Conductor  as 
2.175  millihenrys  per  mile.  Actual  com- 
putation gave  a  value  of  2.172  millihenrys. 

A  second  straight  line  is  then  fixed  by 
the  above  point  and  the  scale  point  corre- 
sponding to   60   on   the  Frequency  scale. 
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Inductance  and   Reactance 

Then,  at  the  intersection  of  this  line  with  A  key  diagram  on  the  chart  should  serve 

the  sloping  scale,  the  scale  points  indicate  to  avoid  frequent  reference  to  this  text,  by 

Inductive  Reactance  as  0.820  ohm  per  mile,  indicating  the  proper  sequence  of  opera- 

the  computed  value  being  0.8200  ohm.  tions. 


208 


83.  Capacitance  and  Susceptance 


Method  for  the  determination  of  the  capaci- 
tance and  susceptance  between  conductors 
in  single-phase  and  three-phase  transmis- 
sion lines.  Tables  are  available  for  these 
functions  in  any  electrical  engineers'  hand- 
book, but  they  have  marked  limitations. 
Interpolation  is  necessary  more  often  than 
not  and,  if  accurately  done,  is  a  time-con- 
suming process.  Further,  to  be  complete, 
the  tables  must  be  complete  for  each  fre- 
quency, and  rarely  does  coverage  extend 
beyond  60-  and  possibly  25-cycle  frequency. 
This  chart,  however,  is  believed  to  cover 
all  of  the  practical  range  of  all  variables", 
with  accuracy  equal  to  any  tables,  and, 
further,  solution  is  possible  with  far  greater 
ease  and  in  a  fraction  of  the  time.  The 
chart  is  based  upon  two  equations,  the  first 
of  which,  for  capacitance,  is  to  the  effect 
that  capacitance,  in  microfarads  per  mile, 
between  conductors  is 


C  = 


0.01941 


log10  {2D Id) 
where  D  is  the  equivalent  conductor  spac- 
ing between  centers  and  d  is  the  equivalent 
conductor  diameter.  For  solid  conductors, 
this  latter  is  the  actual  diameter,  whereas 
for  stranded  conductors  it  is  the  outside 
diameter  of  the  stranded  cable  itself.  Both 
D  and  d  must  be  in  the  same  units. 

The  second  equation  is  that  for  suscept- 
ance, wherein  the  susceptance,  in  micro- 
mhos  per  mile,  between  conductors  is 

X  =  2tt/C 

where  /  is  the  system  frequency  in  cycles 
per  second. 


Procedure.  To  use  the  chart,  a  straight 
line  is  established  through  the  scale  points 
corresponding  to  the  known  values  of  Con- 
ductor Spacing  (equivalent)  and  Conductor 
Diameter,  or  Wire  Size,  on  the  scales  so 
designated.  Then,  at  the  intersection  of 
this  line  with  the  central  vertical  scale  is 
read  the  Capacitance  between  Conductors, 
in  microfarads  per  mile  or  per  1,000  feet. 
Note  that  capacitance  to  neutral,  a  quan- 
tity often  required,  is  twice  the  above 
figure. 

A  second  straight  line  is  then  fixed  by 
this  point  and  the  scale  point  correspond- 
ing to  the  known  value  for  Frequency,  on 
that  scale.  Then,  at  the  intersection  of 
this  line  with  the  sloping  axis,  the  scale 
point  indicates  the  value  of  Capacity  Sus- 
ceptance between  Conductors  in  micro- 
mhos  per  mile  or  per  1,000  feet.  Again,  to 
determine  the  value  to  neutral,  the  ob- 
served figure  must  be  doubled. 

To  illustrate  the  use  of  the  chart,  a  case 
may  be  assumed  where,  the  system  fre- 
quency being  60  cycles,  the  equivalent  spac- 
ing of  the  conductors  is  10.15  feet,  with  a 
conductor  diameter  of  0.4180  inch,  the  size 
being  No.  00  A.W.G.,  stranded.  First,  a 
straight  line  is  established  through  the 
scale  points  for  10.15  on  the  Conductor 
Spacing  scale  and  for  No.  00  Wire  Size  (or 
0.4180  Conductor  Diameter)  on  the  ap- 
propriate scale,  and  this  is  found  to  inter- 
sect the  central  vertical  scale  at  a  point  in- 
dicating Capacitance  between  Conductors 
as  0.00702  microfarad  per  mile.  Computed 
value  is  0.007014  microfarad  per  mile. 
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Capacitance  and  Susceptance 

A  second  straight  line  is  then  fixed  by  tation  gave  a  value  of  2.6442  micromhos 

this  point  and  the  scale  point  for  60  on  the  per  mile. 

Frequency  scale.    Then,  at  the  intersection  A  key  diagram  on  the  chart  should  serve 

of  this  line  with  the  sloping  axis,  the  scale  to  avoid  frequent  reference  to  this  text,  by 

points    indicate    Capacity    Susceptance    as  indicating  the  proper  sequence  of  opera- 

2.650  micromhos  per  mile.    Actual  compu-  tions. 


210 


S3"10A3-A3N3nO3UJ 

1 

SNI-3ZIS  UOlOnONOD 

f.l,,,,,,!,,,,!,,,,?,, 


o       o     o     o 


S  a 


i"1!"'1!""! r'r'T'rf-l r'f  'Wrr 'VtV-i't't1'1! 


,.<f!...i...f.,..f....?....?....r. 


Ij 


SB  9-3ZIS  uoionaNoo 


31IW  U3d  SajW-SaOlDnONOO  N33M138   30NVll3VdM 


u-ONiovds  aoionoNOO 

_  o  o>    <»     N      "!       «1 

2   o*    oo     t-      io       m         *»■             10                  <\j  —  ooooo 

I  i  I  i   I   i    ImilMllLMlMnlnMhmlmilMliI  I  I  I  I   I   I    I    I    I     1  I I I I I 


211 


Charts  84  to  92 
TRANSMISSION-LINE  CHARACTERISTICS 


It  is  a  long  and  tedious  process  to  derive 
from  known  conditions  of  voltage  and  cur- 
rent at  the  delivery  end  of  a  transmission 
line,  the  voltage  and  current  at  the  gen- 
erator end.  This  is  true  even  when  re- 
course is  had  to  one  of  the  various  approxi- 
mate methods,  solving  equations  based 
upon  assumptions  of  lumping  or  localizing 
the  actually  uniformly  distributed  capaci- 
tance effect.  But  in  some  cases,  such  as- 
sumed localization  of  the  capacitance  may 
be  the  source  of  errors  of  considerable 
magnitude. 

On  the  other  hand,  the  use  of  the  exact 
mathematical  method  of  solution,  based 
upon  the  integration  of  capacitance  effect 
as  a  uniformly  distributed  effect,  is  a 
chore  that  involves  many  hours  of  compu- 
tation to  determine  even  the  first  set  of 
conditions.  True,  there  are  available  vari- 
ous graphic  methods  for  solution  of  this 
problem,  but  most  are  based  upon  one  or 
another  of  the  various  approximate  meth- 
ods of  solution,  so  the  saving  of  time  may 
result  in  a  large  degree  of  inaccuracy. 

Of  course,  there  are  cases  where  this 
inaccuracy  is  of  little  importance.  If  the 
line  is  short,  the  errors  introduced  by  ap- 
proximate methods  are  so  small  as  to  be  in- 
significant. Further,  the  conditions  under 
which  the  line  is  operated  may  make  such 
errors  of  little  importance. 

For  such  cases  as  these,  the  three  charts 
immediately    preceding,    in    combination 


with  any  charts  or  tabulations  based  upon 
approximate  methods,  may  give  solutions 
that  are  completely  satisfactory  and  ade- 
quate. But  on  any  long  lines,  or  on  others 
where  close  prediction  of  characteristics  is 
important,  the  errors  introduced  by  the 
approximate  methods  of  solution  may  be 
of  serious  import,  and  solution  by  such 
methods  may  lead  to  serious  difficulties. 

In  the  following  group  of  charts,  how- 
ever, solutions  are  possible  with  little  ex- 
penditure of  time,  but  with  little  sacrifice 
of  accuracy,  and  that  only  to  the  extent  of 
interpolation  on  scales,  which,  having  to 
cover  wide  ranges,  may  not  give  results  to 
as  many  significant  figures  as  the  actual 
computations  would.  But  then,  the  fact 
remains  that  the  basic  data  for  solution  of 
the  problem  cannot,  ordinarily,  be  any 
more  accurate,  since,  for  example,  even 
the  resistance  of  conductors,  with  varia- 
tions in  temperature,  will  vary  from  mile 
to  mile  along  the  length  of  the  line. 

Certainly,  there  will  be  no  introduction 
of  error  by  reason  of  use  of  approximate 
and  possibly  inaccurate  equations.  For  the 
equations  upon  which  the  charts  are  based 
are  the  exact  equations  as  arrived  at  by 
setting  up  differential  equations  and  then 
integrating.  Most  of  the  factors  in  these 
equations  are,  of  course,  vector  or  complex 
quantities,  and  the  charts  give  a  step-by- 
step  solution  of  those  equations,  which 
are 
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Transmission-line  Characteristics 

Ei  =  E2  cosh  VZY  I 

+  I2Vz/Y  sinh  Vzf  I       (1) 
and 

h  =  I2  cosh  Vz?  I 

+  E2W/Z  sinh  Vzf  I      (2) 

where  Ex  and  h  are,  respectively,  voltage 
and  current  conditions  at  the  generator 
end  of  the  line,  E2  and  I2  are  the  corre- 
sponding conditions  at  the  delivery  end,  / 
is  the  length  of  the  line,  in  any  length 
units,  Z  is  the  line  impedance  in  ohms  per 
unit  of  line  length,  and  Y  is  the  line  sus- 
ceptance  in  mhos  per  unit  of  line  length. 

In  the  designation  and  evaluation  of  the 
various  vectorial  or  complex  factors,  the 
value  of  the  delivery-end  voltage  E2  is 
assumed  as  the  angularly  basic  factor,  i.e., 
the  vector  angle  of  this  factor  is  taken  as 
zero. 

To  simplify  the  equations,  the  various 
functions  of  Y  and  Z  will  be  represented 
hereafter  by  other  symbols,  V ,  U,  and  W, 
representing,  respectively,  \/ZY,  \/Z/Y, 
and  yY/Z.     The  equations  then  become 


and 


Ei  =  E2  cosh  VI  +  I2U  sinh  VI        (3) 
h  =  I2  cosh  VI  +  E2W  sinh  VI       (4) 


equations,  all  of  the  factors  are  in  the  na- 
ture of  line  constants,  being  fixed  by  the 
design  of  the  line  itself.  Consequently, 
after  these  line-constant  factors  have  once 
been  evaluated  for  a  given  line,  solutions 
for  various  conditions  of  load  will  require 
the  use  of  only  a  few  of  the  charts  in  this 
group. 

To  point  up  this  resolving  of  the  equa- 
tions, they  may  now  be  simplified  fur- 
ther, introducing  new  symbols  for  these 
fixed  line  constants.  Accordingly  A  is 
taken  as  representing  cosh  VI,  B  is  substi- 
tuted for  U  sinh  VI,  and  D  is  used  in  place 
of  W  sinh  VI.  The  equations  are  now  re- 
duced to  the  form 


and 


Ei  =  E2A  +  I2B 
h  =  I2A  +  E2D 


(5) 


(6) 


It  is  obvious  that,  with  the  exception  of 
the    voltage    and   current    terms    in    these 


Thus,  once  the  line  constants  have  been 
determined,  the  solutions  for  various  load 
conditions  are  simple.  They  consist  only, 
in  each  case,  in  evaluating  the  terms  on  the 
right-hand  side  of  the  equations  above,  by 
the  use  of  charts,  making  the  simple  double 
additions,  and  then,  by  means  of  the  last 
chart  of  the  group,  transforming  them 
back  to  vectorial  quantities,  i.e.,  quan- 
tities with  fixed  magnitude  and  phase  angle 
with  respect  to  the  base,  which  is  delivery 
voltage. 
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84.  Hyperbolic  Angle 


Method  for  the  determination  of  the  trans- 
mission-line characteristic  known  as  the  hy- 
perbolic angle,  or  propagation  constant. 
Specifically,  it  is  the  square  root  of  the 
product  of  impedance  and  admittance,  both 
of  which  are  vector  quantities.  These 
quantities,  then,  are  measured  in  direction 
as  well  as  magnitude,  having  both  real  and 
imaginary  components,  and  the  chart  is  de- 
signed to  handle  these  complex  quantities. 
Chart  83  gives  a  method  for  the  determi- 
nation of  susceptance,  usually  assumed  as 
equivalent  to  admittance,  and  its  vectorial 
angle  is  accordingly  taken  as  90°,  from 
which  any  departure  will  be  negligible. 
Chart  82  provides  a  means  for  determina- 
tion of  inductive  reactance,  and  recourse 
to  standard  tables  provides  the  value  for  re- 
sistance, the  other  component  of  imped- 
ance. Impedance,  of  course,  is  the  square 
root  of  the  sum  of  the  squares  of  resistance 
and  inductive  reactance,  as  to  numerical 
value. 

Procedure.  The  first  step  in  the  use  of 
the  chart  is  the  determination  of  the  vector 
quantity  impedance.  This  is  done  by  lo- 
cating in  the  intersection-type-nomograph 
section  at  the  left-hand  side  of  the  chart, 
the  point  of  intersection  of  the  curves  of 
known  values  for  Inductive  Reactance  and 
Resistance,  interpolating  as  necessary. 
Then,  following  upward  and  to  the  left 
along  the  sloping  lines,  the  intercept  of 
this  point  is  noted  on  the  scaled  line  mark- 
ing the  left-hand  edge  of  this  section,  and 
the  scaling  at  that  point  indicates  the 
numerical  magnitude  of  the  Impedance. 


From  the  curve-intersection  point,  a  ver- 
tical line  is  followed  downward  to  the 
lower  edge  of  this  section  of  the  chart,  and 
the  intercept  so  located  will  be  at  a  scale 
point  corresponding  to  the  Impedance- 
Phase  Angle.  Thus,  the  impedance  is 
evaluated  as  a  vector  quantity  by  magni- 
tude and  phase  angle. 

Now,  the  hyperbolic  angle,  or  propaga- 
tion constant,  is  also  a  vectorial  quantity, 
and  it  must  be  evaluated  as  to  magnitude 
and  angle.  To  determine  its  magnitude,  a 
straight  line  is  established  through  the 
scale  points  corresponding  to  the  magni- 
tudes of  Impedance  and  Capacity  Suscept- 
ance on  the  scales  so  designated.  Then,  at 
the  intersection  of  this  line  with  the  Hyper- 
bolic Angle  scale,  the  magnitude  of  this 
factor  is  read. 

To  determine  the  vector  angle  of  this 
quantity,  a  second  straight  line  is  estab- 
lished through  the  scale  point  previously 
located  on  the  Impedance— Phase  Angle 
scale  and  the  scale  point  noted  90°  at  the 
lower  end  of  the  Capacity  Susceptance 
scale.  Then,  at  the  intersection  of  this  line 
with  the  Phase  Angle  scale  of  the  central 
section  of  the  chart  is  read  the  vector  angle 
of  the  Hyperbolic  Angle,  or  propagation 
constant. 

The  next  step  in  a  transmission-line 
problem  requires  that  this  vector  quantity 
be  resolved  into  its  real  and  imaginary  com- 
ponents, or,  otherwise  described,  the  in- 
phase  and  quadrature  components.  This 
is  accomplished  by  following  upward  along 
the  vertical  line  corresponding  to  the  phase 
angle  to  its  intersection  with  the  sloping 
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Hyperbolic  Angle 

line  corresponding  to  the  previously  lo- 
cated scale  point  for  the  magnitude  of  this 
quantity.  Then  this  point  in  relation  to 
the  curves  for  In-phase  Component  and 
Quadrature  Component,  interpolating  as 
necessary,  gives  those  values. 

Ordinarily,  resistance,  reactance,  and  sus- 
ceptance  are  determined  per  mile  of  line 
length,  and  the  chart  is  designed  to  cover 
the  normal  variation  of  those  quantities  for 
such  a  unit.  For  further  computations  on 
a  transmission  line,  however,  the  total  line 
value  for  hyperbolic  angle,  or  propagation 
constant,  must  be  known.  To  evaluate 
this,  all  that  is  necessary  is  a  simple  arith- 
metical computation,  the  multiplication  of 
each  of  the  components  per  unit  length  by 
the  value  of  line  length  in  those  same  units. 

To  illustrate  the  use  of  the  chart,  a  set  of 
conditions  may  be  assumed  as  in  Charts  81, 
82,  and  83,  wherein,  with  a  60-cycle  fre- 
quency, a  three-phase  system  of  No.  00 
A.W.G.  conductors  has  an  equivalent  spac- 
ing of  10.15  feet.  From  those  charts,  the 
inductive  reactance  per  mile  has  been  de- 
termined as  0.820  ohm  and  the  capacity 
susceptance  per  mile  (to  neutral)  has  been 
found  to  be  5.30  micromhos  per  mile.  Ref- 
erence to  wire  tables  gives  the  resistance  as 
0.428  ohm  per  mile. 

The  first  step  is  to  evaluate  the  imped- 
ance as  to  magnitude  and  angle.  So,  a 
point  is  located  in  the  left-hand  section  of 
the   chart   (interpolating  between   curves) 


corresponding  to  0.820  ohm  Inductive  Re- 
actance and  0.428  ohm  Resistance.  Fol- 
lowing a  line  vertically  downward  from 
this  point,  the  Impedance— Phase  Angle  is 
read  as  63°  (computed  value  62°  26').  Fol- 
lowing a  sloping  line  upward  to  the  left  in- 
dicates the  Impedance— Magnitude  as  0.925 
(computed  value  being  0.9250). 

Now,  to  find  the  magnitude  of  the  hyper- 
bolic-angle vector,  a  straight  line  is  estab- 
lished through  the  scale  point  found  for 
the  magnitude  of  Impedance  and  the  scale 
point  for  5.30  on  the  Capacity  Susceptance 
scale.  This  line  is  found  to  intersect  the 
Hyperbolic  Angle  scale  at  a  scale  point  in- 
dicating 0.00223  (computed  value  being 
0.002211).  Another  line  is  then  fixed  by 
the  previously  determined  scale  point  (63°) 
on  the  Impedance— Phase  Angle  scale  and 
the  90°  scale  point  at  the  lower  end  of  the 
Capacity  Susceptance  scale.  Then,  at  the 
intersection  of  this  line  with  the  Hyper- 
bolic Angle— Phase  Angle  scale,  the  vector 
angle  is  read  as  76°  30'  (computed  value  be- 
ing 76°  13'). 

Then,  following  along  the  vertical  and 
sloping  lines  of  this  section,  the  intersec- 
tion is  located  and  evaluated  by  interpola- 
tion between  the  curves.  The  In-phase 
Component  is  then  determined  as  0.00052, 
and  the  Quadrature  Component  is  found 
to  be  0.00220.  Computation  gives  values 
of  0.0005267  and  0.002147,  respectively. 
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85.  Hyperbolic  Cosine  of  Hyperbolic  Angle 


Method  for  the  determination  of  one  of  the 
line  constants  necessary  to  be  known  in  the 
solution  of  problems  of  transmission-line 
characteristics.  Specifically,  it  serves  to 
evaluate  the  term  A  in  the  simplified  forms 
of  Eqs.  (5)  and  (6)  on  page  214.  The 
derivations  of  the  forms  of  these  equations 
have  been  explained  there  in  a  general  dis- 
cussion of  the  transmission-line  charts  im- 
mediately preceding  Chart  84. 

By  means  of  Chart  84,  the  so-called  hy- 
perbolic angle,  or  propagation  constant, 
may  be  determined  per  unit  length  of  line. 
But  it  is  necessary  to  evaluate  this  factor  as 
a  function  of  the  entire  line  and,  as  de- 
scribed on  page  216,  this  involves  a  simple 
multiplication  of  the  in-phase  and  quadra- 
ture components  of  this  factor  per  mile  by 
the  line  length  in  miles.  This  operation 
then  gives  an  in-phase  and  a  quadrature 
component  of  the  hyperbolic  angle,  or 
propagation  constant,  for  the  line  as  a 
whole. 

Procedure.  To  use  the  chart,  a  point  is 
located  at  the  intersection  of  the  curve  cor- 
responding to  the  computed  value  of  Hy- 
perbolic Angle— In-phase  Component,  and 
that  of  the  computed  value  of  Hyperbolic 


Angle— Quadrature  Component,  interpolat- 
ing as  necessary.  Then,  the  scalings  of  the 
rectangular-coordinate  system  give  values 
for  the  Magnitude  and  Phase  Angle  of 
the  Hyperbolic  Cosine  of  the  Hyperbolic 
Angle.  This  corresponds  to  the  terms 
cosh  yJZY  I  of  Eqs.  (1)  and  (2),  cosh  VI  of 
Eqs.  (3)  and  (4),  and  A  of  Eqs.  (5)  and  (6). 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  conditions  is  assumed  as  in 
preceding  charts.  From  Chart  84,  the 
in-phase  and  quadrature  components  of 
the  hyperbolic  angle  were  determined  as 
0.00052  and  0.00220,  respectively,  per  mile. 
Assuming  a  line  length  of  150  miles,  the 
values  for  the  line  as  a  whole  are  0.0780 
and  0.330,  respectively. 

Then,  the  point  is  located  on  the  chart, 
by  interpolation,  corresponding  to  the  in- 
tersection of  a  curve  value  of  0.078  for 
Hyperbolic  Angle— In-phase  Component 
and  a  curve  value  of  0.330  for  Hyperbolic 
Angle— Quadrature  Component.  The  in- 
tercepts of  this  point  on  the  rectangular- 
coordinate  system  are  at  scale  values  corre- 
sponding to  0.96  for  Magnitude  and  1°  for 
Phase  Angle  of  the  Hyperbolic  Cosine  of 
the  Hyperbolic  Angle.  Actual  computa- 
tion gave  figures  of  0.9518  and  1°  21.1'. 
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86.  Surge  Impedance 


Method  for  the  determination  of  one  of  the 

line  constants  required  to  be  known  in  pre- 
dicting the  voltage  characteristics  of  a  trans- 
mission line.  Specifically,  surge  impedance 
is  the  square  root  of  the  quantity  ob- 
tained by  the  division  of  the  value  of  im- 
pedance per  unit  length  of  line  by  the 
admittance  (equal,  to  capacity  susceptance) 
per  unit  length,  both  being  vector  quanti- 
ties. In  the  general  discussion  preceding 
Chart  84,  it  appears  as  y/Z/Y  in  Eq.  (1) 
and  as  U  in  Eq.  (3). 

In  Chart  84  are  means  for  evaluating 
the  impedance  as  a  vector  quantity  from 
known  values  of  resistance  and  inductive 
reactance,  and  the  magnitude  and  phase 
angle  of  this  quantity  are  used  again  in  this 
chart.  Capacity  susceptance  may  be  deter- 
mined from  Chart  83,  being  also  a  vector 
quantity,  but  with  phase  angle  assumed  as 
90°  from  the  base  of  angle  measurement, 
here,  as  usual,  taken  as  the  phase  angle  of 
the  delivery  voltage  of  the  system. 

Procedure.  To  use  the  chart,  two  steps 
are  necessary:  one  to  determine  the  magni- 
tude, and  the  second  to  determine  the 
phase  angle  of  the  surge  impedance.  For 
the  former,  a  straight  line  is  established 
through  the  scale  points  corresponding  to 
the  known  values  of  Impedance  in  Ohms 
per  Mile  and  Capacity  Susceptance  in  Mi- 
cro mhos  per  Mile,  on  the  scales  so  desig- 
nated. Then  at  the  intersection  of  this  line 
with  the  Surge  Impedance  scale,  the  magni- 
tude of  this  quantity  is  read  on  the  scale. 

For  the  second  step,  a  second  straight 
line  is  established  through  the  scale  points 
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corresponding  to  the  known  values  of  Im- 
pedance—Phase Angle  and  of  Capacity  Sus- 
ceptance—Phase  Angle,  the  latter  being  the 
point  noted  as  90°  and  located  at  the  lower 
end  of  the  Capacity  Susceptance  scale. 
Then  at  the  intersection  of  this  line  with 
the  Surge  Impedance— Phase  Angle  scale  is 
read  this  quantity  on  the  scale,  noting  that 
this  will  always  have  a  negative  value. 
These  two  operations  then  completely 
evaluate  the  surge  impedance  as  a  vector 
quantity,  both  magnitude  and  phase  angle 
being  known. 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  data  is  assumed  as  was  used  in 
the  charts  immediately  preceding.  Imped- 
ance was  determined  from  Chart  84  as 
0.925  ohm  per  mile  with  a  phase  angle  of 
63°.  Capacity  susceptance  as  determined 
by  Chart  83  was  2.65  micromhos  per  mile 
between  conductors,  or  5.30  to  neutral,  the 
phase  angle  being  accepted  as  90°. 

First,  a  straight  line  is  established 
through  the  scale  points  for  0.925  on  the 
Impedance  scale  and  5.30  on  the  Capacity 
Susceptance  scale,  and  this  is  found  to  inter- 
sect the  Surge  Impedance  scale  at  a  scale 
point  indicating  the  magnitude  of  the  vec- 
tor to  be  420.  A  second  straight  line  is 
then  fixed  by  the  scale  points  of  63°  on  the 
Impedance— Phase  Angle  scale  and  the  90° 
scale  point  on  the  Capacity  Susceptance 
scale.  This  line  is  found  to  intersect  the 
Surge  Impedance— Phase  Angle  scale  at  a 
scale  point  indicating  the  vector  angle  as 
—  13°  50'  (negative).  Computation  deter- 
mined the  vector  quantity  as  having  mag- 
nitude 418.22  and  phase  angle  -13°  46.85'. 
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87.  Hyperbolic  Sine  of  Hyperbolic  Angle 


Method  for  the  determination  of  one  of  the 
line  constants  necessary  to  be  known  in  the 
solution  of  problems  of  transmission-line 
characteristics.  Specifically,  it  serves  to 
evaluate  the  term  sinh  VI  in  Eqs.  (1),  (2), 
(3),  and  (4),  as  referred  to  in  the  general 
discussion  of  the  solution  of  transmission- 
line  problems  immediately  preceding  Chart 
84,  pages  213  and  214. 

By  means  of  Chart  84,  the  so-called  hy- 
perbolic angle,  or  propagation  constant 
[term  V  in  Eqs.  (3)  and  (4)  on  page  214], 
may  be  determined  per  unit  length  of  line. 
Then,  as  described  in  the  text  accompany- 
ing Chart  85,  the  components  of  this  factor 
per  unit  length  of  line  must  be  multiplied 
by  the  length  of  line  in  the  same  units  to 
obtain  the  value  of  those  components  for 
the  line  as  a  whole  (page  216). 

Procedure.  To  use  the  chart,  a  point  is 
located  at  the  intersection  of  the  curve  cor- 
responding to  the  computed  value  of  Hy- 
perbolic Angle— In-phase  Component,  and 
that  of  the  computed  value  of  Hyperbolic 
Angle— Quadrature  Component,  interpo- 
lating as  necessary.     Then,  the  scalings  of 


the  rectangular-coordinate  system  give 
values  for  the  Magnitude  and  Phase  Angle 
of  the  Hyperbolic  Sine  of  the  Hyperbolic 
Angle.  This  corresponds  to  the  terms 
sinh  yZY  I  of  Eqs.  (1)  and  (2)  and  sinh  VI 
of  Eqs.  (3)  and  (4),  still  referring  to  the  text 
immediately  preceding  Chart  84. 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  conditions  is  assumed  as  in  the 
preceding  charts.  From  Chart  84,  with  the 
simple  multiplication  to  bring  its  results 
to  apply  to  a  line  length  of  150  miles,  the 
in-phase  and  quadrature  components  were 
determined  as  0.0780  and  0.330,  respec- 
tively. 

Then,  the  point  is  located  on  the  chart, 
by  interpolation,  corresponding  to  a  curve 
value  of  0.078  for  Hyperbolic  Angle— In- 
phase  Component,  and  a  curve  value  of 
0.330  for  Hyperbolic  Angle— Quadrature 
Component.  The  intercepts  of  this  point 
on  the  rectangular  coordinate  system  are  at 
scale  values  corresponding  to  0.32  for  Mag- 
nitude and  76.3°  for  Phase  Angle  of  the 
Hyperbolic  Si)ie  of  the  Hyperbolic  Angle. 
Actual  computation  gave  figures  of  0.32622 
and  76°  42.2'. 
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88.  Surge  Admittance 


Method  for  the  determination  of  one  of  the 

line  constants  required  to  be  known  in  pre- 
dicting the  operating  characteristics  of  a 
transmission  line.  Specifically,  the  surge 
admittance  is  the  square  root  of  the  quan- 
tity obtained  by  the  division  of  the  value 
of  capacity  admittance  (equal  to  capacity 
susceptance)  per  unit  length  of  line,  by  the 
value  of  impedance  per  unit  length,  both 
being  vector  quantities.  In  the  general  dis- 
cussion preceding  Chart  84,  it  appears  as 
\/Y/Z  in  Eq.  (2)  and  as  W  in  Eq.  (4). 

In  Chart  84  are  means  for  evaluating 
the  impedance  as  a  vector  quantity  from 
known  values  of  resistance  and  inductive 
reactance,  and  the  magnitude  and  phase 
angle  of  this  quantity  are  used  again  in  this 
chart.  Capacity  susceptance  may  be  deter- 
mined from  Chart  83,  being  also  a  vector 
quantity,  but  with  phase  angle  assumed  at 
90°  from  the  base  of  angle  measurement, 
here,  as  usual,  taken  as  the  phase  angle  of 
the  delivery  voltage  of  the  system. 

Procedure.  To  use  the  chart,  two  steps 
are  necessary:  one  to  determine  the  magni- 
tude, and  the  second  to  determine  the 
phase  angle  of  the  surge  admittance.  For 
the  former,  a  straight  line  is  established 
through  the  scale  points  corresponding  to 
the  known  values  of  Impedance— Ohms  per 
Mile  and  Capacity  Susceptance— Micromhos 
per  Mile,  on  the  scales  so  designated.  Then 
at  the  intersection  of  this  line  with  the 
Surge  Admittance  scale,  the  magnitude  of 
this  quantity  is  read  on  the  scaling  there. 

For  the  second  step,  a  second  straight  line 
is  established  through  the  scale  points  cor- 
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responding  to  the  known  values  of  Imped- 
ance—Phase Angle  and  of  Capacity  Sus- 
ceptance—Phase  Angle,  the  latter  being  the 
point  noted  as  90°  and  located  at  the  lower 
end  of  the  Capacity  Susceptance  scale. 
Then  at  the  intersection  of  this  line  with 
the  Surge  Admittance— Phase  Angle  scale 
is  read  this  quantity  on  that  scale,  noting 
that  the  value  is  positive.  These  two  oper- 
ations then  completely  evaluate  the  surge 
admittance  as  a  vector  quantity,  both  mag- 
nitude and  phase  angle  having  been  de- 
termined. 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  data  is  assumed  as  was  used  in 
the  charts  immediately  preceding.  Im- 
pedance was  determined  from  Chart  84  as 
0.925  ohm  per  mile  with  a  phase  angle  of 
63°.  Capacity  susceptance  as  determined 
by  Chart  83  was  2.65  micromhos  per  mile 
between  conductors,  or  5.30  to  neutral,  the 
phase  angle  being  accepted  as  90°. 

First,  a  straight  line  is  established  through 
the  scale  points  for  0.925  on  the  Impedance 
scale  and  5.30  on  the  Capacity  Susceptance 
scale,  and  this  is  found  to  intersect  the 
Surge  Admittance  scale  at  a  scale  point  in- 
dicating the  magnitude  of  the  vector  quan- 
tity as  0.00238.  A  second  straight  line  is 
then  fixed  by  the  scale  points  of  63°  on  the 
Impedance— Phase  Angle  scale  and  the  90° 
scale  point  on  the  Capacity  Susceptance 
scale.  This  line  is  found  to  intersect  the 
Surge  Admittance— Phase  Angle  scale  at  a 
scale  point  indicating  the  vector  angle  as 
13°  45'.  Computation  determined  the  vec- 
tor quantity  as  having  magnitude  0.002391 
and  phase  angle  13°  46.85'. 
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89.  Voltage-characteristics  Evaluation 


Method  for  the  determination  of  the  line  con- 
stants that  enter  into  the  solution  of  the 
equation  for  generator  voltage  on  a  trans- 
mission line  where  the  load  conditions  are 
known.  It  continues  the  series  on  trans- 
mission-line characteristics,  and  reference  is 
made  to  the  section  of  text  immediately 
preceding  Chart  84. 

In  that  general  discussion  of  the  solution 
of  transmission  lines,  equations  were  pre- 
sented in  progressively  simpler  forms,  for 
voltage  and  current  characteristics,  and 
this  chart  provides  for  the  evaluation  of  the 
factors  of  the  former,  Eqs.  (1),  (3),  and  (5) 
on  page  214.  To  save  the  need  for  refer- 
ring back  to  those  pages,  Eqs.  (3)  and  (5) 
are,  in  their  simplified  forms, 

Ex  =  E2  cosh  Vl  +  I2U  sinh  VI       (3) 
Ex  =  E2A  +  I2B  (5) 

A  and  B  are  line  constants,  which  may  be 
directly  evaluated,  or  whose  factors  may  be 
evaluated  from  preceding  charts  of  this 
group.  All  factors,  of  course,  are  vector 
quantities,  fixed  by  magnitude  and  angular 
position,  as  related  to  the  vector  angle  of 
delivery  voltage  as  the  zero. 

As  to  the  first  term  on  the  right-hand 
side  of  the  equation,  it  was  felt  not  worth 
while  to  include  a  chart  for  the  multipli- 
cation of  the  two  factors  that  make  it  up, 
since  it  requires  only  a  simple  arithmetical 
computation.  The  factor  £2,  the  delivery 
voltage,  is  simply  used  as  a  multiplier  with 
the  term  A,  or  cosh  VI,  as  evaluated  by 
means  of  Chart  85.  The  magnitude  of  the 
resulting  term  is  the  product  of  this  volt- 
age and  the  magnitude  of  the  vector  value 
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of  cosh  VI,  while  the  vector  angle  of  this 
product  is  equal  to  the  vector  angle  of  cosh 
VI,  or  A. 

This  chart  now  handles  the  multiplica- 
tion of  the  three  factors  of  the  second  term 
on  the  right-hand  side  of  the  equation,  all 
three  factors  being  vector  quantities,  being 
fixed,  in  each  case,  in  magnitude  and  direc- 
tion, or  angle.  The  factor  U,  or  surge  im- 
pedance, (y/Z/Y),  has  been  covered  by 
Chart  86,  and  in  Chart  87  is  the  means  for 
evaluating  the  other  line-constant  factor, 
sinh   VI. 

Procedure.  Two  separate  operations  are 
used  in  the  chart,  one  for  evaluating  the 
magnitude  and  the  other  for  the  vector 
angle,  and  the  former  will  be  taken  up  first. 
A  straight  line  is  established  through  the 
scale  points  corresponding  to  the  previ- 
ously determined  values  of  Surge  Imped- 
ance—Magnitude, and  Sinh  VI— Magnitude, 
on  the  scales  so  designated.  Then,  at  the 
intersection  of  this  line  with  the  Line  Con- 
stant B— Magnitude  scale,  that  factor  is 
read.  This  is  a  basic  factor  for  the  line 
and  should  be  noted  for  any  further  studies 
for  varying  operating  conditions  of  the  line. 
Then,  for  any  loading  condition,  a  straight 
line  is  established  between  the  scale  point 
just  found  and  the  scale  point  correspond- 
ing to  the  known  line-current  numerical 
value.  At  the  intersection  of  this  line  with 
the  I2B  scale  may  then  be  read  the  value  of 
the  second  term  of  the  voltage  equation,  as 
to  magnitude. 

It  will  be  noted  that  the  scale  ranges  for 
these  various  magnitudes  are  limited  to  a 
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Voltage-characteristics  Evaluation 

single  logarithmic  range,  but  it  is  a  simple 
matter  to  adjust  for  values  beyond  the 
actual  scalings.  The  operation  is  direct 
multiplication,  and  if  any  of  the  factors  has 
a  value  outside  the  scale  range,  it  should  be 
multiplied  by  such  power  of  10  as  will  give 
a  value  within  those  ranges,  later  multiply- 
ing the  result  by  the  product  of  the  recipro- 
cals of  those  multipliers. 

Thus,  if  the  actual  value  of  surge-imped- 
ance magnitude  fell  in  the  range  between 
1  and  10  (the  scaling  being  10  to  100),  the 
actual  value  would  be  multiplied  by  10.0. 
Then,  if  the  numerical  value  of  sinh  VI  did 
fall  within  scale  limits,  the  observed  value 
of  Line  Constant  B  would  have  to  be  di- 
vided by  10.0.  The  same  procedure  may 
be  followed  with  respect  to  the  value  of  cur- 
rent. For  instance,  with  values  of  Surge 
Impedance  between  1  and  10,  of  Sinh  VI 
between  0.1  and  1.0,  and  of  current  be- 
tween 10  and  100,  the  multipliers  necessary 
to  bring  these  values  within  the  scalings 
would  be  10.0,  10.0,  and  0.1,  respectively. 
Then  the  observed  result  would  have  to  be 
multiplied  by  the  product  of  the  reciprocals 
of  those  multipliers,  0.1  X  0.1  X  10.0,  or 
0.1. 

The  other  phase  of  the  use  of  the  chart 
is  in  establishing  the  phase  angles  of  line 
constant  B  and  of  the  vectorial  product  of 
this  factor  and  that  of  load  current.  The 
first  step  is  to  fix  a  straight  line  through 
the  scale  points  corresponding  to  the  pre- 
viously determined  values  for  Surge  Imped- 
ance—Phase Angle  and  Sinh  VI— Phase 
Angle,  on  the  scales  so  designated.  Then 
at  the  scale  point  of  the  intersection  of  this 
line  with  the  Line  Constant  B— Phase  Angle 
scale,  that  value  is  noted,  to  be  used  for  any 
later  studies  with  varying  load  conditions. 
For  such  studies,  another  straight  line  is 
fixed  by  this  point  and  the  scale  point  cor- 
responding to  the  known  value  for  Load 
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Power  Factor,  or  Current— Phase  Angle, 
and  at  the  intersection  of  this  line  with 
the  LB— Phase  Angle  scale  is  read  the  vector 
angle  for  the  second  term  of  the  basic  equa- 
tion. 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  conditions  is  assumed  as  for  the 
charts  immediately  preceding,  and  with  the 
load  current  assumed  as  150  amperes  at  80 
per  cent  power  factor,  lagging,  the  angle 
being  —36°  52.18'.  Previous  charts  gave 
the  value  of  A,  or  cosh  VI,  as  0.96/1°  0',  U 
as  420/- 13°  50',  and  sinh  VI  as  0.32/76.3°. 
Delivery  voltage  is  taken  as  150,000. 

As  stated  previously,  the  evaluation  of 
the  first  part  of  the  voltage  equation  is 
without  benefit  of  charts,  being  a  simple 
multiplication  of  load  voltage  and  term  A. 
In  this  case,  the  product  has  a  magnitude, 
from  the  above  figures,  of  144,000,  and  its 
vector  angle,  being  that  of  factor  A,  is  1°  0', 
and  this  term  is  then  fixed  by  these  results 
as  144,000/1°  0'. 

Proceeding  to  the  second  term  of  the 
equation,  a  straight  line  is  established 
through  the  scale  points  for  42.0  (using  a 
multiplier  of  0.1)  on  the  Surge  Imped- 
ance—Magnitude scale  and  3.2  (using  a 
multiplier  of  10.0)  on  the  Sinh  VI— Magni- 
tude scale.  It  so  happens  that  in  this  case 
the  effects  of  the  multipliers  are  canceled, 
and  at  the  intersection  of  this  line  with  the 
Line  Constant  B— Magnitude  scale  is  read 
the  true  value  of  this  quantity  as  135. 
This,  then,  is  a  basic  constant  factor  for 
the  line  and  may  be  used  for  any  loading 
conditions.  Taking  up  the  single  load 
condition  assumed,  another  straight  line  is 
then  fixed  by  this  scale  point  and  the  scale 
point  for  1.5  (using  a  multiplier  of  0.01) 
on  the  Line  Current— Amperes  scale.  At 
the  intersection  of  this  line  with  the  I2B— 
Magnitude  scale  is  read  204,  and  to  com- 
pensate for  the  use  of  the  factors  above 


described,  this  must  be  multiplied  by  the 
product  of  their  reciprocals,  or  100,  so  the 
true  value  is  20,400,  as  the  magnitude  of 
the  vector  quantity. 

Determining  vector  angles,  a  straight 
line  is  established  through  the  scale  points 
corresponding  to  —13°  50'  on  the  Surge 
Impedance— Phase  Angle  scale  and  76.3° 
on  the  Sink  VI— Phase  Angle  scale,  and  at 
the  intersection  of  this  line  with  the  Line 
Constant  B— Phase  Angle  scale,  the  value 
is  read  as  63°.  This,  again,  is  a  basic  line 
constant,  to  be  used  in  computations  for 
any  loading  condition.  Again  the  assumed 
load  is  taken,  and  a  straight  line  is  fixed 
by  the  scale  point  just  found  and  the  scale 
point  for  0.80  on  the  Power  Factor  scale  or 
-36°  52.18'  on  the  Current— Phase  Angle 
scale.  At  the  intersection  of  this  line  with 
the  I2B— Phase  Angle  scale,  the  vector  angle 
is  then  read  as  +26°  0'. 

The  vector  quantities  are  then  com- 
pletely defined,  the  value  of  the  line  con- 
stant B  being  135.0/63°  0',  and,  for  the 
particular  load  condition,  I2B  being  20,- 
4QO/+260  0".  (Computation  gives  the  fig- 
ures as  being  136.43/62°  55.35',  and  20,- 
465/+260  3.17%  respectively.) 

It  might  be  noted  that  while  the  magni- 
tude  scalings   have   been   limited   on   the 
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chart,  in  the  interests  of  greater  accuracy,  it 
is  believed  that  the  scalings  for  vector 
angles  cover  the  entire  practical  field,  and 
no  adjustment  should  be  necessary.  How- 
ever, should  the  value  of  sinh  VI  be  over 
90°,  it  may  be  brought  within  the  scale 
limits  by  subtracting  from  the  true  value 
any  multiple  of  90°,  later  adding  the  same 
angle  to  the  final  result,  either  line  con- 
stant B  or  I2B. 

By  means  of  this  chart  the  two  terms  of 
the  voltage  equation  may  be  evaluated,  but 
the  addition  of  those  terms,  while  possible 
by  computation,  may  be  simplified  by  the 
use  of  Chart  92  following.  In  the  discus- 
sion accompanying  that  chart,  the  same  set 
of  conditions  will  be  used  by  way  of  illus- 
tration as  was  used  above,  so,  for  reference, 
the  equation  for  that  particular  set  of  con- 
ditions is  set  down  here: 

Ei  =  144,000/1°  0'  +  20,400  /26°  0' 

The  later  chart  provides  a  means  for  re- 
solving these  terms  into  in-phase  and  quad- 
rature components,  after  which  they  may 
be  added.  Then,  by  means  of  the  same 
chart,  the  total  may  be  retransformed  into 
a  vector  quantity  to  give  a  clearer  picture 
of  the  final  result. 
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90.  Current-characteristic  Factors  (I) 


Method  for  the  determination  of  the  first  of 
the  two  terms  in  the  solution  of  the  equa- 
tion for  the  generator  or  feed-end  current, 
when  the  delivery-end  conditions  are 
known.  Specifically,  it  provides  for  the 
evaluation  of  the  first  term  on  the  right- 
hand  sides  of  Eqs.  (2),  (4),  and  (6),  in  the 
discussion  immediately  preceding  Chart  84. 
These  equations  are 

h  =  h  cosh  VZY I  +  E2 Vy/Z  sinh  Vzf  I 

(2) 
h  =  h  cosh  VI  +  E2W  sinh  VI  (4) 

h  =  I2A  +  E2D  (6) 

The  term  h  is  the  value  to  be  deter- 
mined for  input-end  current,  and  I2  and 
E2  are  the  current  and  voltage  values  at 
the  delivery  end,  respectively.  The  terms 
in  radical  signs  are  functions  of  impedance 
and  admittance,  evaluated  by  means  of 
earlier  charts.  They  and  their  functions 
have  been  further  simplified  by  substitu- 
tion of  terms  V  and  W.  The  first  term, 
as  it  appears  in  Eq.  (6),  represented  as  I2A, 
substitutes  the  factor  A  for  cosh  y/ZY  I,  of 
Eq.  (2)  or  for  cosh  VI  of  Eq.  (4).  All  quan- 
tities are  vectors,  having  magnitude  and 
phase  angle,  the  basis  of  angular  measure- 
ment being  taken  in  assuming  delivery 
voltage  as  having  vector  direction  of  zero 
angle. 

Procedure.  This  chart  is  used  to  perform 
the  vector  multiplication  of  the  factors  I2 
and  A.  This  procedure  requires  two  sepa- 
rate operations,  one  to  determine  the  mag- 
nitude of  the  product  vector,  and  the  other 
to  determine  the  phase  angle. 
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Taking  first  the  determination  of  the 
magnitude  of  the  vector  quantity  wanted, 
a  straight  line  is  established  through  the 
scale  points  corresponding  to  the  known 
values  for  Cosh  VI— Magnitude  (=  cosh 
yZY  I  =  A)  and  Load  Current— Amperes, 
and,  at  the  intersection  of  this  line  with 
the  I2  Cosh  VI  scale,  the  value  is  read  for 
the  magnitude  of  the  vector  quantity. 
Then,  another  straight  line  is  fixed  through 
the  scale  points  for  Cosh  VI— Phase  Angle 
and  for  either  Load  Power  Factor  or  Load 
Current— Phase  Angle,  on  the  scales  so  des- 
ignated. At  the  intersection  of  this  line 
with  the  I2  Cosh  VI— Phase  Angle  scale,  the 
vectorial  angle  of  this  quantity  is  read.  So, 
then,  this  first  term  of  the  current  equation 
is  evaluated. 

But  to  illustrate  the  use  of  the  chart, 
numerical  bases  are  brought  in.  The  same 
set  of  conditions  is  assumed  as  in  the 
earlier  charts  of  this  group.  So,  the  load 
current,  I2,  is  taken  as  150  amperes,  at  80 
per  cent  power  factor  (phase  angle  being 
-36°  52.18'),  and  cosh  VI  being  0.96  as  to 
magnitude  and  having  a  phase  angle  of 
1°  0'.  Both  magnitudes  fall  outside  the 
primary  scale  ranges,  so  a  multiplier  of 
0.01  is  applied  to  the  Load  Current  factor 
and  one  of  10.0  to  the  Cosh  VI  factor. 

First,  a  line  through  the  scale  points  for 
1.50  on  the  Load  Current— Amperes  scale 
and  for  9.6  on  the  Cosh  VI— Magnitude 
scale  is  found  to  intersect  the  I2  Cosh  VI 
scale  at  a  point  indicating  the  magnitude 
of  the  vector  as  14.3.  But  multipliers  were 
used  to  bring  the  original  factors  within 
the  scale  limits,  so  the  observed  figure  must 
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Current-characteristic  Factors  (I) 

be  multiplied  by  the  product  of  the  recip-  Cosh  VI— Phase  Angle  scale  and  for  80  per 

rocals  of  those  multipliers.     Thus,  the  fig-  cent  on   the  Load  Power  Factor  scale  or 

ure    14.3    must    be    multiplied    by    10.0,  -36°  52.18'  on.  the  Load   Current-Phase 

(=  100  X  0.1)    to  obtain   the  true  magni-  Ang\e  scaie.     The  result  is  read  as  35.5°. 

tude,  which  becomes  143.0.  Thus>  the  vaiue  of  this  first  term  is>  by 

For  the  second  stage,  a  straight  line  is  chart)  143.0/- 35°  30',  where  computation 

fixed   by   the  scale   points  for    1°   on   die  gives  142.77/  — 35°  52'. 
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91.  Current-characteristic  Factors  (II) 


Method  for  the  determination  of  the  second 
of  the  two  terms  in  the  solution  of  the 
equation  for  the  generator  or  feed-end  cur- 
rent of  a  transmission  line,  when  the  de- 
livery-end conditions  are  known.  Specifi- 
cally, it  provides  for  the  evaluation  of  the 
second  term  on  the  right-hand  sides  of 
Eqs.  (2),  (4),  and  (6),  in  the  discussion  im- 
mediately preceding  Chart  84.  These 
equations  are 

h  =  I2  cosh  VZY I  +  E2Vy/Z  sinh  VzY  I 

(2) 

h  =  I2  cosh  VI  +  E2W  sinh  VI  (4) 

h  =  I2A  +  E2D  (6) 

The  term  h  is  the  value  to  be  deter- 
mined for  input-end  current,  and  I2  and 
E2  are  the  current  and  voltage  values  at  the 
delivery  end,  respectively.  The  terms  in 
radical  signs  are  functions  of  impedance 
and  admittance,  evaluated  by  means  of 
earlier  charts.  They  and  their  functions 
have  been  further  simplified  by  substitu- 
tion of  terms  V  and  W.  The  second  term 
on  the  right-hand  side  of  Eq.  (6),  repre- 
sented as  E2D,  substitutes  the  factor  D  for 
W  sinh  VI  of  Eq.  (4),  or  yY/Z  sinh  y/ZYl 
of  Eq.  (2).  The  factor  D,  explained  so,  is 
a  line  constant  and  obtains  regardless  of 
load  conditions,  but  it  is  combined  with 
the  voltage  term  in  the  interest  of  saving 
space  in  this  collection  of  charts.  All  quan- 
tities concerned  are  vectorial,  having  both 
magnitude  and  phase  angle,  the  basis  of 
angular  measurement  being  taken  in  as- 
suming delivery  voltage  as  having  a  vector 
angular  direction  of  zero  angle. 


Procedure.  This  present  chart  is  used  to 
perform  the  vector  multiplication  of  the 
factors,  first  to  determine  the  line  constant 
D,  and  then  to  determine  the  product  E2D 
for  any  particular  load  condition.  Each 
of  these  operations  is  twofold,  first  deter- 
mining the  magnitude,  and  second,  the 
phase  angle  of  the  product. 

The  evaluation  of  the  line  constant  D, 
because  it  will  apply  for  any  load  condi- 
tion, is  first  undertaken,  both  as  to  magni- 
tude and  angle.  The  first  step,  then,  is  to 
establish  a  straight  line  through  the  scale 
points  corresponding  to  the  known  values 
for  Sinh  VI— Magnitude  and  Surge  Admit- 
tance—Magnitude (=  W),  on  the  scales  so 
designated.  Then,  at  the  intersection  of 
this  line  with  the  Line  Constant  D  scale  is 
read  the  magnitude  of  the  vector  quantity 
involved. 

Next,  another  straight  line  is  fixed  by 
the  scale  points  corresponding  to  the 
known  values  for  Sinh  VI— Phase  Angle  and 
Surge  Admittance— Phase  Angle  on  their 
respective  scales,  and  at  the  intersection  of 
this  line  with  the  Line  Constant  D— Phase 
Angle  scale  is  read  the  vector  angle.  Since 
the  load-voltage  vector  angle  has  been  as- 
sumed as  the  zero  angle,  the  angle  just 
found  becomes  the  vector  angle  of  the 
product  of  the  line  constant  and  the  load 
voltage. 

Having  evaluated  the  line  constant  D, 
the  evaluation  of  the  second  term  of  the 
equation  under  consideration  requires,  ac- 
tually, but  one  more  operation  for  each 
load-voltage  condition.  This  operation 
consists    in    establishing    a    straight    line 
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through  the  scale  points  for  the  previously 
determined  values  of  Line  Constant  D— 
Magnitude  and  Load  Voltage,  on  the  scales 
so  designated.  Then,  at  the  intersection  of 
this  line  with  the  E2D— Magnitude  scale, 
the  numerical  value  of  the  vector  quantity 
is  read.  The  vector  angle  of  this  quantity, 
as  stated  before,  remains  the  same  as  the 
vector  angle  of  line  constant  D.  Thus,  the 
second  term  of  the  current  equation  is  com- 
pletely evaluated  as  a  vector  quantity. 

To  illustrate  the  use  of  the  chart,  the 
same  set  of  conditions  is  assumed  as  in  the 
earlier  charts  of  this  group.  E2,  the  de- 
livery voltage,  remains  at  150,000,  with  a 
vector  angle  of  0°.  The  term  W,  or  V  Y/Z, 
has  been  determined  by  Chart  88  as  having 
magnitude  of  0.00238  and  vectorial  angle 
13°  45'.  By  means  of  Chart  87,  sinh  VI 
has  been  found  to  have  a  magnitude  of 
0.32  with  a  vector  angle  of  76.3°. 

So,  a  straight  line  is  established  through 
the  scale  points  for  3.2  (using  a  multiplier 
of  10.0  to  bring  the  true  value  within  the 
scale  limits)  on  the  Sinh  VI— Magnitude 
scale  and  0.00238  on  the  Surge  Admit- 
tance—Magnitude scale.  Then,  at  the 
point  of  intersection  of  this  line  with  the 
Line  Constant  D  scale,  a  value  for  that 
constant  is  read  as  0.0076.  But  since  a 
multiplier  of  10.0  was  used  to  bring  one 
of  the  factors  within  the  scale  limits,  it  is 
necessary  to  multiply  the  scale  value  by  the 
reciprocal  of  10,  or  0.1,  making  the  actual 
value  0.00076  (computed  figure  being 
0.0007616). 

Evaluating  the  phase  or  vector  angle  of 
this  constant,  a  second  straight  line  is  fixed 
by  the  scale  point  for  13°  45'  on  the  Surge 


Admittance— Phase  Angle  scale  and  76.3° 
on  the  Sinh  VI— Phase  Angle  scale.  This 
line  is  found  to-intersect  the  Line  Constant 
D— Phase  Angle  and  E2D— Phase  Angle 
scale  at  a  scale  point  indicating  the  vector 
angle  for  the  line  constant,  as  well  as  the 
final  second  term,  as  90.6°  (computed  value 
being  90°  03'). 

Thus,  the  line  constant  D  is  now  evalu- 
ated as  0.00076/90.6°,  and  this  value  is 
taken  for  the  determination  of  the  second 
term  in  the  equation  for  any  load  condi- 
tions. But,  with  the  assumption  that  the 
load  voltage  is  150,000,  another  straight 
line  is  fixed  through  the  scale  point  found 
above  for  the  factor  D,  as  0.0076  (still  using 
a  multiplier  of  10.0)  and  the  scale  point 
for  15,000  (again  using  a  multiplier).  This 
line  is  found  to  intersect  the  E2D  scale  at 
a  point  indicating  the  magnitude  of  83.0. 

The  multipliers  cancel  out  in  this  case, 
so  this  is  the  true  value  of  the  magnitude 
of  this  vector  quantity.  So  the  value  of 
the  second  term  of  the  equation  is  now 
fixed  at  83/90.6°,  where  the  computed 
value  is  85.80/90°  3'. 

The  current  equation  is  now  resolved, 
upon  the  basis  of  previous  computation,  as 

h  =  143.0/ -35°  30'  +  83.0/90.6° 
by  chart,  and 

h  =  142.77/-35°52'  +  85.8/90°  3' 

by  computation. 

The  addition  of  these  vector  quantities 
is  resolved  in  the  chart  following,  which 
also  furnishes  a  means  for  the  resolution  of 
the  voltage  equation  and  so  provides  the 
completion  of  the  solution  of  the  two  trans- 
mission-line equations. 
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92.  Vector  Equivalents 


Method  for  the  final  resolution  of  the  voltage- 
and  current-characteristic  equations  of 
transmission  lines.  Earlier  charts  of  the 
group  have  evaluated,  as  vector  quantities, 
the  two  terms  in  each  of  the  two  equations, 
but  to  combine  the  terms,  it  is  necessary 
to  resolve  the  vector  quantities  into  their 
respective  rectangular-coordinate  equiva- 
lents and,  after  addition,  to  retransform  the 
results  into  vector  quantities,  to  determine 
the  quantities  as  to  actual  magnitude  and 
phase-angle  relation  to  the  assumed  basic 
phase  angle. 

In  the  discussion  immediately  preceding 
Chart  84,  the  two  equations  were  given  and 
then  reduced  to  simplified  forms,  wherein 
the  factors  remaining  constant  in  any  line 
were  described  as  line  constants.  These, 
for  a  given  line,  will  apply  for  any  loading 
condition,  and,  once  they  are  determined 
for  the  line,  solution  of  the  equations  for 
varying  load  conditions  is  reduced  to  the 
use  of  but  a  few  of  the  charts  of  the  series. 

The  derivation  of  the  simplified  equa- 
tions has  been  described,  as  mentioned, 
and  there  is  no  need  to  repeat  it  here.  But 
the  final  form  is  set  down  here: 

Ex  =  E2A  +  I2B  (5) 

h  =  I2A  +  E2D  (6) 

£i  and  h  are  generator  or  feed-end  voltage 
and  current,  respectively;  E2  and  I2  are 
load-end  or  delivery-end  voltage  and  cur- 
rent, respectively;  and  A,  B,  and  D  are  line 
constants,  evaluated  by  means  of  earlier 
charts  of  this  group.  All  quantities  are 
vectorial,  having  magnitude  and  phase 
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angle  with  respect  to  a  fixed  base,  E2  being 
assumed  as  having  zero  angle. 

Since  each  of  the  factors  entering  into 
each  term  of  the  equations  is  vectorial,  the 
various  products  are  also  vector  quantities. 
Means  for  determining  the  products  of  the 
various  factors  are  also  found  in  earlier 
charts  for  determining  the  vectorial  values 
of  those  products.  But  the  addition  of  the 
two  terms  in  each  of  the  equations  requires 
a  transformation  into  rectangular  coordi- 
nates, after  which  the  addition  is  accom- 
plished by  adding  the  in-phase  components 
of  the  two  terms  (each  equation)  and  add- 
ing the  quadrature  components,  to  obtain 
an  in-phase  and  a  quadrature  component 
for  the  sum.  This  rectangular-coordinate 
expression  for  the  result  must  then  be  re- 
transformed  to  vector  form  to  obtain  a  true 
picture  of  the  result. 

Obviously,  the  chart  could  not  maintain 
any  reasonable  degree  of  accuracy  and  still 
cover  the  entire  range  of  variables.  Ac- 
cordingly, a  set  of  ranges  was  selected  which 
is  felt  to  offer  reasonable  accuracy,  but 
which  requires  the  use  of  multipliers  or 
other  adjustments  to  cover  the  entire  field 
of  variation.  These,  however,  will  be  taken 
up  as  the  individual  steps  in  the  use  of  the 
chart  are  discussed. 

Procedure.  To  use  the  chart  to  transform 
a  vector  quantity  into  its  rectangular-coor- 
dinate components,  a  point  is  located  on 
the  chart  at  the  intersection  (interpolating 
as  necessary)  of  the  curve  (hyperbolas  sym- 
metrical about  the  sloping  line  noted  as 
45°)  and  the  sloping  line  corresponding  to 
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Vector  Equivalents 

Vector  Magnitude  and  Vector  Phase  Angle, 
respectively.  Then,  the  horizontal  line 
through  this  point  is  a  measure  of  the 
quadrature  component  and  the  vertical 
line  through  it  is  a  measure  of  the  in-phase 
component,  and  the  values  of  those  com- 
ponents are  read  at  the  left  and  bottom 
edges  of  the  chart,  respectively,  interpolat- 
ing, again,  as  may  be  required. 

If  the  vector  magnitude  is  beyond  the 
scale  limits,  it  should  be  multiplied  by  a 
factor  such  as  will  bring  it  within  the  scale 
limits,  later  multiplying  the  scale  values  of 
the  quadrature  and  in-phase  components 
by  the  reciprocal  of  that  factor.  If  the 
vector  angle  is  outside  the  scale  limits,  a 
more  complicated  system  of  adjustment  is 
required. 

Where  the  vector  angle  is  between  90° 
and  180°,  the  supplement  of  the  angle 
(180°  minus  the  true  angle)  is  used,  in 
which  case  the  quadrature  component  is 
read  directly,  but  the  in-phase  component 
must  be  multiplied  by  —1.  For  angles  be- 
tween 180°  and  270°,  the  angle  used  in 
the  chart  will  be  180°  less  than  the  true 
angle,  with  the  observed  values  of  in-phase 
and  quadrature  components  both  being 
multiplied  by  -1.  In  cases  of  angles  be- 
tween 270°  and  360°,  the  angle  to  be  used 
in  the  chart  will  be  the  difference  between 
the  true  angle  and  360°,  the  in-phase  com- 
ponent being  as  read,  whereas  the  quadra- 
ture component  must  be  multiplied  by  —  1. 

In  some  cases,  where  the  angle  to  be 
used  on  the  chart  is  near  90°,  the  comple- 
ment of  the  angle  (90°  minus  the  angle) 
is  used,  in  which  event  the  quadrature 
component  is  read  as  being  evaluated  by 
the  vertical  lines,  and  the  in-phase  com- 
ponent is  read  as  being  fixed  by  the  hori- 
zontal lines,  the  reverse  of  normal  proce- 
dure. In  some  cases,  adjustments  may  be 
required  with  both  magnitude  and  angle 
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to  bring  them  within  the  scale  limits,  but 
each  adjustment  is  made  independently  of 
the  other. 

Having  determined  the  rectangular  com- 
ponents of  the  two  terms  of  either  of  the 
equations,  the  in-phase  components  of  the 
two  terms  are  added  to  obtain  the  in-phase 
component  of  their  sum,  and  the  quadra- 
ture components  are  added  to  obtain  the 
quadrature  component  of  their  sum. 
Then,  by  reversing  the  earlier  process,  the 
vectorial  value  of  the  sum  is  obtained. 

This  is  done  by  locating  on  the  chart  the 
intersection  of  the  horizontal  line  corre- 
sponding to  the  quadrature  component  and 
the  vertical  line  corresponding  to  the  in- 
phase  component,  interpolating  as  neces- 
sary. Then,  the  magnitude  of  the  vector 
of  the  desired  figure  is  read  from  the  curves, 
and  the  vector  angle  is  read  from  the 
sloping  lines,  again  interpolating  as  may 
be  required.  Of  course,  in  this  operation 
as  well  as  the  earlier  ones,  adjustments  may 
be  necessary  to  bring  the  quantities  within 
the  scale  limits. 

Thus,  the  solution  of  the  characteristic 
equations  for  voltage  and  current  has  been 
accomplished,  the  results  being  in  the  form 
of  vector  quantities,  the  angles  being  with 
respect  to  delivery  voltage  as  zero  angle. 
Obviously,  the  difference  between  the  two 
vector  angles  is  the  phase  angle  at  the  feed 
or  generator  end  of  the  line. 

By  way  of  illustrating  use  of  the  chart, 
the  same  set  of  conditions  is  assumed  as 
was  used  in  earlier  charts  of  this  series. 
Thus,  from  Chart  89  (see  its  accompany- 
ing discussion),  the  equation  for  the  feed- 
end  voltage  was  determined  as 

E,  =  144,000/1°  0'  +  20,400/26°  0' 

The  values  of  both  angles  are  within  the 
scale  limits,  but  it  is  necessary  to  multiply 
both  magnitudes  by  0.001   to  bring  them 


within  scale  limitations,  so  the  magnitudes 
are  144.0  and  20.4,  respectively. 

Interpolating  between  curves  for  a  value 
of  144.0  for  magnitude  on  the  sloping  line 
corresponding  to  1  °  0',  a  point  is  then  lo- 
cated on  the  chart.  Then,  by  reading  the 
scale  values  on  horizontal  and  vertical  lines 
(interpolating),  the  quadrature  component 
is  read  as  2.50  and  the  in-phase  component 
as  144.00  for  the  first  term.  Then,  for  the 
second  term,  a  point  is  found  where  (in- 
terpolating) the  curve  value  for  20.4  inter- 
sects the  sloping  line  for  26°  0'.  In  this 
case,  the  horizontal  and  vertical  lines  indi- 
cate 8.85  and  18.20  as  the  quadrature  and 
in-phase  components,  respectively,  of  the 
second  term.  Simple  addition  then  gives 
the  final  result  as  having  a  quadrature  com- 
ponent of  11.35  and  an  in-phase  component 
of  162.20. 

Again  referring  to  the  chart,  the  inter- 
section is  found  for  the  horizontal  line 
corresponding  to  11.35  and  the  vertical 
line  of  162.20,  interpolating  as  required. 
This  is  found  to  be  at  a  point  on  the  slop- 
ing line  for  4°  0',  and  since  no  adjustment 
had  been  necessary  with  respect  to  angle, 
this  is  the  true  value.  Interpolating  be- 
tween curves  indicates  a  value  of  162.25  as 
the  magnitude  of  the  vector,  but  since  the 
original  terms  were  multiplied  by  0.001  to 
bring  them  within  scale  limits,  the  figure 
just  obtained  must  be  multiplied  by  1,000. 
So,  the  voltage  is  now  fixed  as  162,- 
250/4°  0'. 

Turning  now  to  the  current  equation, 
in  the  text  accompanying  Chart  91,  the 
illustrative  case  showed  the  value  of  cur- 
rent as 


Vector  Equivalents 

h  =  143.0/ -35°  30'  +  83.0/90.6° 

The  angles  for  both  terms  fall  outside  the 
scale  limits,  so  adjustment  is  necessary. 
As  to  the  first  term,  the  angle  used  on  the 
chart  will  be  the  numerical  value  of  the 
true  angle,  but  it  must  be  remembered 
that  the  quadrature  component  will  be 
minus.  For  the  second  term,  the  angle 
being  close  to  90°,  a  chart  angle  of  0.6°, 
or  0°  36'  will  be  used,  remembering  that 
the  quadrature  component  will  be  plus  and 
the  in-phase  component  will  be  minus  and 
that  the  former  will  be  evaluated  by  the 
vertical  lines  and  the  in-phase  component 
by  the  horizontal. 

Proceeding  as  before,  the  first  term  is 
found  to  have  a  quadrature  component  of 
—81.00  and  an  in-phase  component  of 
113.50.  Similarly,  the  second  term  is 
found  to  have  a  quadrature  component  of 
83.00  and  an  in-phase  component  of  —0.87. 
Simple  additions  evaluate  the  quadrature 
component  of  the  final  figure  as  2.00  and 
the  in-phase  component  as  112.63. 

Again  reference  is  made  to  the  chart, 
and  the  intersection  is  found  for  the  hori- 
zontal line  for  2.00  and  the  vertical  line 
for  112.63,  interpolating  as  required.  This 
point,  in  reference  to  the  sloping  lines, 
shows  the  vector  angle  as  1°  2'  and,  in  ref- 
erence to  the  curves,  shows  the  magnitude 
as  112.65. 

This  completes  the  determination  of  the 
generator  or  feed-end  conditions  for  the 
assumed  case.  The  voltage  is  162,250/4°  0', 
and  the  current  is  112.65/1°  2'.  The  feed- 
end  phase  angle  is  then  2°  58'.  Actual 
computation  gives  the  voltage  as  161,- 
130/4°  23.1'  and  current  as  114.29/1°  4', 
the  generator  phase  angle  being  3°  19.1'. 
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Acre-foot  equivalents,  62 

Admittance,  surge    (transmission  line),  224 

Air,  combustion,  170 

Amount,  compounded,  40 

Angle,  hyperbolic,  215 

Angles,  functions  of,  54 

Annuity,  42 

present  worth  of,  45 
Area,  of  isosceles  trapezoid,  52 

of  rectangles,  50 


Beam  moment,  130 

Beam  stress,  132 

Belt  length,  open  arrangement,  143 

Belt  width,  heavy  loading,  140 

light  loading,  138 
Boiler  efficiency,  184 


Canal,  area  of  section  of,  52 
Canals,  flow  of  water  in,  79 
Capacitance,  between  electrical  conductors,  209 
Capacitances  in  series,  38 

Capacitive  susceptance,  between  electrical  conduc- 
tors, 209 
Capacitor,  power-factor  correction  of,  201 
Carbon  dioxide  in  flue  gases,  170 
Centrifugal  force,  150 
Channels,  water  flow  in,  79 
Circle  area,  30 
Circle  circumference,  30 
Circle  diameter,  30 
Column  loading,  127 
Combustion,  incomplete,  178 
Combustion  air,  minimum,  170 
Compound  interest,  annuity,  42 
present  worth  of,  45 

compounded  amount,  40 

future  value,  present  worth  of,  48 

sinking  fund,  42 
Compression  springs,  general,  134 

small,  136 
Conductors,  electrical,  equivalent  spacing  of,  204 
voltage  drop  in,  190 


Contracted  weir  discharge,  72 
Cosecant  of  angle,  54 
Cosine,  of  angle,  54 

hyperbolic,  218 
Cotangent  of  angle,  54 
Cube  of  number,  8 
Current-characteristic  factors,  of  transmission  line, 

230,  233 
Cylinder,  hydraulic,  force  of,  100 
Cylindrical  tank  strength,  104 


D 


Discharge,  of  contracted  weir,  72 
of  submerged  weir,  74 
of  suppressed  weir,  70 
of  V-notch  weir,  68 
of  water,  through  orifice,  76 


E 

Efficiency,  of  boiler,  184 

Electrical  conductors,  voltage  drop  in,  190 

Electrical  transmission  line  (see  Transmission  line) 

Equivalent  evaporation,  168 

Equivalents,  vector,  236 

Evaporation,  factor  of,  168 

Expansion,  of  gas,  158 

Exponential  functions,  0.20  (%),  4 

0.25  (%),  6 

0.33  (y3),  8 

0.40  (%),  10 

0.50  (i/2),  12 

0.67  (%),  16 

0.75  (%),  20 

0.80  (%),  22 

1.10,  26 

1.16,  24 

1.25  (5/4),  22 

1.33  (%),  20 

1.4375  (17i6),  18 

1.50  (%),  16 

1.90,  14 

2.00  (square),  12 

2.50  (%),  10 

3.00  (cube),  8 

4.00  (fourth  power),  6 

5.00  (fifth  power),  4 
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Factor  of  evaporation,  168 
Fifth  power  of  numbers,  4 
Fifth  root  of  numbers,  4 
Fill,  cross-section  area  of,  52 
Five-fourths  powers  of  numbers,  22 
Five-halves  powers  of  numbers,  10 
Flow,  steam,  loss  in  pipe,  164 
through  orifices,  161 
through  piping,  164 
water,  loss  in  pipe,  82,  87 
in  pipes,  82,  84 
through  orifices,  76 

(See  also  Canal,  flow  of  water  in;  Channels, 
water    flow    in;    Orifice    discharge;    Pipe 
flow,  loss  in;  Runoff,  rainfall;  Weir) 
Flow  measurement  of  water,  62 
Flue  gas,  carbon  dioxide  in,  170 
carbon  monoxide  in,  178 
heat  loss  in,  172 
moisture  in,  heat  loss  by,  174 
Force,  centrifugal,  150 

of  hydraulic  cylinder,  100 
Four-fifths  powers  of  numbers,  22 
Four-thirds  powers  of  numbers,  20 
Fourth  powers  of  numbers,  6 
Fourth  roots  of  numbers,  6 
Functions,  trigonometric,  54 
Future  amount,  present  worth  of,  48 


Gallons,  equivalents  of,  66 

Gallons  per  minute,  equivalents  of,  62 

Gas  expansion,  158 

Gases,  flue  (see  Flue  gas) 

H 

Head,  velocity,  64 

water,  equivalent  measures  of,  60 
Heat  loss,  by  combustible  in  refuse,  18C 

in  flue  gases,  172 

by  incomplete  combustion,  178 

by  moisture  in  flue  gas,  174 

by  sensible  heat  in  refuse,  182 
Horizontal-tank  volume,  102 
Horsepower,  of  hydraulic  turbine,  106 

of  pump,  108 

of  water  wheel,  106 
Hydraulic-cylinder  force,  100 
Hydraulic  turbine,  horsepower  of,  106 

inlet  diameter  of,  114 
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Hydraulic  turbine,  jet  diameter  of,  106 

runner  diameter  of,  116 

specific  speed  of,  110 

speed  of,  112 
Hyperbolic  angle,  215 

cosine  of,  218 

sine  of,  222 


Impedance,  surge,  220 
Inductance,  of  conductors,  electrical,  206 
Inductive  reactance,  of  conductors,  electrical,  206 
Inertia,  moment  of,  for  rectangular  sections,  50 
Intensity,  of  rainfall,  118 
Interest,  compound,  annuity,  42 
present  worth  of,  45 

compounded  amount,  40 

future  value,  present  worth  of,  48 

sinking  fund,  42 

J 

Jet  diameter,  of  water  wheel,  106 
Jet  velocity,  of  water,  64 


Length,  of  open  belt,  143 
Loading,  on  beams,  130 

on  belts,  138,  140 

on  columns,  127 

on  piles,  152 

on  springs,  134,  136 
Loss,  heat  (see  Heat  loss) 

friction,  by  water  flow  in  pipe,  82 

pressure,  in  steam  piping,  164 

voltage,  in  electrical  conductors,  190 

M 

Mercury  column,  equivalent  pressure  for,  60 
Modulus,  section,  of  rectangles,  50 
Moisture  in  flue  gas,  heat  loss  by,  174 
Moment,  beam,  130 

torsional,  in  shafts,  146 
Moment  of  inertia,  rectangular  sections,  50 


1.16  powers  of  numbers,  24 
1.1  powers  of  numbers,  26 
1%6  powers  of  numbers,  18 
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Open  channels,  water  flow  in,  79 
Orifice  discharge,  of  steam,  161 
of  water,  76 


Parallel  resistances,  electrical,  38 

Pi  functions,  30 

Piles,  loading  of,  152 

Pipe,  flow  loss  in,  of  steam,  164 

of  water,  82,  87 
Pipe  strength,  104 
Pipe  volume,  98 
Plate  steel,  gauge  and  weights,  32 

thickness  of,  32 

weight  of,  32 
Power,  measurement  by  watt-hour  meter,  193 
Power  factor,  and  reactive  power,  198 

and  total  power,  196 
Power-factor  correction,  201 
Powers  of  numbers,  fifth,  4 

fourth,  6 

1.10,  26 

1.16,  24 

1%6,  18 

1.90,  14 

square,  12 

third,  8 

three-fourths,  20 

three-halves,  16 

two-fifths,  10 

two-thirds,  16 
Pressure,  water,  equivalents  of,  60 
Pressure  rise,  water-hammer  surge,  maximum,  96 

nominal,  93 
Propagation   constant,   of   transmission   line,    elec- 
trical, 215 
Properties,  of  isosceles  trapezoids,  52 

of  rectangles,  50 

of  right  triangles,  54 
Pump  horsepower,  108 
Pump  size,  108 


Quantity,  water,  66 


Rainfall,  intensity  of,  118 

runoff  of,  120 
Reactance,  inductive,  of  electrical  conductors,  206 
Reciprocals,  28 

sums  of,  38 


Rectangles,  properties  of  (areas,  moment  of  inertia, 

etc.),  50 
Resistance  drop  in  electrical  conductors,  190 
Resistances  in  parallel,  electrical,  38 
Right  triangles,  properties  of,  54 
Roots  of  numbers,  cube,  8 

fifth,  4 

fourth,  6 

square,  12 

third,  8 
Runoff,  rainfall,  120 


Secants  of  angles,  54 

Second  powers  of  numbers,  12 

Section  of  canal,  52 

Section  modulus,  rectangular  sections,  50 

Series  capacitances,  38 

Shafts,  torsional  moments  in,  146 

torsional  stresses  in,  148 
Sine,  hyperbolic,  222 
Sines  of  angles,  54 
Sinking  funds,  42 
Size,  pump,  108 

Spacing  of  conductors,  equivalent,  in  electrical  sys- 
tem, 204 
Speed,  of  hydraulic  turbine,  112 

specific,  of  hydraulic  turbine,  110 
Spouting  velocity,  water  jet,  64 
Springs,  compression,  134,  136 
Square  roots  of  numbers,  12 
Steam  boiler  efficiency,  184 
Steam  calorimeter,  166 
Steam  flow,  through  orifices,  161 

through  pipe,  164 

pressure  loss  in  pipe,  164 
Steam  quality,  166 

Steel  plate,  gauge  thickness,  weight  of,  32 
Strength,  of  cylindrical  pipe,  104 

of  cylindrical  tank,  104 
Submerged  weir  discharge,  74 
Suppressed  weir  discharge,  70 
Surge,  water-hammer,  pressure  rise  of,  93 

maximum  theoretical,  96 
Surge   admittance,   of  electrical   transmission   line, 

224 
Surge   impedance,   of  electrical    transmission    line. 

220 
Susceptance,  capacitive,  between  electrical  conduc- 
tors, 209 

243 


Index 


Tangents  of  angles,  54 

Tank,  horizontal,  volume  and  content  of,  102 
Tank  strength,  104 
Tank  volume,  98 
Third  powers  of  numbers,  8 
Third  roots  of  numbers,  8 
Three-fourths  powers  of  numbers,  20 
Three-halves  powers  of  numbers,  16 
Torsional  moment  in  shafts,  146 
Torsional  stress  in  shafts,  148 

Transmission-line  characteristics,  capacitance,  con- 
ductors, 209 
capacitive  susceptance,  conductors,  209 
conductors,  equivalent  spacing  of,  204 
cosine,  hyperbolic,  218 
current-characteristic  factors,  230,  233 
hyperbolic  angle,  215 
cosine  of,  218 
sine  of,  222 
inductance  of  conductors,  206 
inductive  reactance  of  conductors,  206 
propagation  constant  of,  215 
sine,  hyperbolic,  222 
spacing  of  conductors,  equivalent,  204 
surge  admittance,  224 
surge  impedance,  220 

susceptance,  capacitive,  of  conductors,  209 
vector  equivalents,  236 
voltage-characteristics  evaluation,   226 
Triangles,  right,  properties  of,  54 
Trigonometric  functions  of  angles,  54 
Turbine,  hydraulic,  horsepower  of,  106 
inlet  diameter  of,  114 
jet  diameter  of,  106 
runner  diameter  of,  116 
specific  speed  of,  110 
speed  of,  112 


Two-fifths  powers  of  numbers,  10 
Two-thirds  powers  of  numbers,  16 


V 


V-notch  weir  discharge,  68 
Vector  equivalents,  236 
Velocity,  of  pipe  flow,  82,  84 

of  surge-pressure  wave,  90 

of  water  jet,  64 
(See  also  Flow) 
Velocity  head,  64 
Voltage-characteristics      evaluation      (transmission 

line),  226 
Voltage  drop  in  electrical  conductors,  190 
Volume,  of  pipe,  98 

of  tank,  98 

W 
Water,  orifice  discharge  of,  76 

weir  discharge  (see  Discharge;  Weir) 
Water   flow    (see   Canal;    Channel;    Orifice;    Pipe; 

Runoff;  Weir) 
Water-flow  measurements,  62 

Water  hammer,  surge-pressure  rise,  maximum,  96 
controlled,  93 

wave  velocity,  90 
Water  pressure,  60 
Water  quantity,  66 
Water  weight,  66 
Water  wheel,  horsepower  of,  106 

jet  diameter  of,  106 
Wave  velocity,  surge  or  water  hammer,  90 
Weight,  of  steel  plate,  32 

of  water,  66 
Weir,  contracted,  discharge  of,  72 

submerged,  discharge  of,  74 

suppressed,  discharge  of,  70 

V-notch,  discharge  of,  68 
Worth,  present,  of  annuity,  45 
of  future  value,  48 
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